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I, ABSTRACT 
A program was conducted t o  e s t a b l i s h  t h e  manu- 
f a c t u r i n g  technology r equ i r ed  t o  produce 22" diameter 
s p h e r i c a l  helium p r e s s u r e  v e s s e l s  for service a t  -423F. 
The vessels incorpora ted  s e v e r a l  a t tachment  bosses and 
a f i l l  p o r t .  The m a t e r i a l  used was a l o w  s i l i c o n  
chromimn-nickel s t a i n l e s s  s teel  a l l o y .  The v e s s e l s  
w e r e  manufactured by means of the ARDEFORM o r  cryogenic 
stretch forming process. Six (6) v e s s e l s  of t h e  d e s i r e d  
conf igu ra t ion  w e r e  produced for d e l i v e r y .  I n  add i t ion ,  
mechanical p rope r ty  tests were performed wi th  several. 
h e a t s  of t h i s  a l l o y .  
1 
11, INTRODUCTION 
The requirements  for high s t r e n g t h  m a t e r i a l s  s u i t a b l e  
for service a t  cryogenic  temperature has ,  i n  r e c e n t  yea r s ,  
focused cons iderable  a t t e n t i o n  upon cold worked a u s t e n i t i c  
a l l o y s ,  The ARDEFORM" process offers a means of cold working 
p r e s  su re  ve sse Is made f r o m  a u s t e n i t i c  chrome-nicke 1 s t a i n l e s s  
steels.  I n  t h i s  p rocess  an undersize preform is f i r s t  con- 
s t r u c t e d  f r o m  annealed m a t e r i a l  by welding or other means of 
producing a c losed  p r e s s u r e  v e s s e l ,  The preform is immersed 
i n  l i q u i d  n i t r o g e n  t o  reduce i t s  temperature t o  -320F and then  
p res su r i zed  i n t e r n a l l y  w i t h  pumped, l i q u i d  n i t rogen .  The 
preform s t r e t c h e s ,  a s  a r e s u l t  of t h e  p r e s s u r i z a t i o n ,  t o  the  
d e s i r e d  size and shape, During this  deformation a t  -320F, 
t h e  m a t e r i a l  t ransforms from a u s t e n i t e  t o  mar t ens i t e .  H i g h  
s t r e n g t h  levels a r e  achieved a s  a r e s u l t  of both the t r ans -  
formation and the cold working of the m a t e f i a l .  A f t e r  t h e  * 
cryogenic deformation, a d d i t i o n a l  s t r e n g t h  may be obta ined  by 
aging the m a t e r i a l  a t  800F for 20 hours.  
deformed m a t e r i a l ,  i n  a d d i t i o n  t o  high s t r e n g t h ,  e x h i b i t s  
The c ryogenica l ly  
va lue  of approx. 80 a t  -423F and is  compatible wi th  a l a r g e  a KIc 
v a r i e t y  of l i q u i d  rocket p r o p e l l a n t s  and other co r ros ive  f l u i d s  , 
Severa l  a u s t e n i t i c  a l l o y  compositions have been developed 
by Arde. 
p r o p e r t i e s  for each  a p p l i c a t i o n  can be obtained.  
By s e l e c t i n g  the proper a l l o y  the most favorable  
A previous 
# 
* Sub jec t  of U.S.Patent $53197851 
2 
program, success fu l ly  conducted by Arde f o r  NASA (Contract  
NAS - 11977) r e s u l t e d  i n  t h e  f a b r i c a t i o n  o f  c y l i n d r i c a l  
p r e s s u r e  v e s s e l s  s u i t a b l e  for t h e  s t o r a g e  of gaseous helium 
while  t h e  v e s s e l s  a r e  submerged i n  an environment of l i q u i d  
oxygen. Arde u t i l i z e d  a i7% chromium,- 7% n i c k e l  a u s t e n i t i c  
s t a i n l e s s  steel  a l l o y  conta in ing  over .4% s i l i c o n  fo r  these  
cy l inde r s .  This  a l l o y  i s  u s e f u l  a t  ope ra t ing  temperatures 
down t o  -320F i n  t h e  unaged condi t ion .  
For a p p l i c a t i o n s  which r e q u i r e  h igh  s t r e n g t h  and 
f r a c t u r e  toughness a t  cryogenic temperatures down t o  -423F, 
an 18% chromium - 7% n i c k e l  s t a i n l e s s  s tee l  a l l o y ,  wi th  very 
l o w  s i l i c o n  (less than -1%) i s  used. T h i s  l o w  s i l i c o n  a l l o y  
is normally used i n  t h e  aged cond i t ion  f o r  o p t i m u m  s t r e n g t h  
. and toughness c h a r a c t e r i s t i c s .  
.The ARDEFORMed low s i l i c o n  s t a i n l e s q  s teel  a l l o y  was 
evaluated,  by means of t e n s i l e  specimen te 's ts ,  for -423F 
s t r e n g t h  and f r a c t u r e ,  toughness c h a r a c t e r i s t i c s  by NASA- 
L e w i s  Labora tor ies .  This  i n v e s t i g a t i o n  showed good performance 
a t  -423F a s  w e l l  a s  very impressive p r o p e r t i e s  of t h e  welded 
m a t e r i a l  a t  t h i s  same l o w  temperature. (1) 
NASA TN D3445 - "'Evaluation of S p e c i a l  301 - 
Type S t a i n l e s s  Steel  €or Improved Low- 
Temperature Notch Toughness of Cryoformed 
Pressure  V e s s e l s ' '  by Thomas W. Orange, 
L e w i s  Research Center, Clevelazld, Ohio 
May 1966, . 
3 
NASA i n i t i a t e d  t h e  p r e s e n t  ARDEFORM manufacturing 
technology program because of  a p o t e n t i a l  need i n  t h e  
Sa tu rn  I V  B. The Sa tu rn  I V  B requirement manifested i t s e l f  
when cons ide ra t ion  was given t o  p o s s i b l e  f i re  hazards  i n  t h e  
use of  t i t an ium p r e s s u r e  ves se l s .  This p o s s i b i l i t y  was con- 
s i d e r e d  even though. t i t an ium v e s s e l s  w e r e  t o  be s t o r e d  i n  t h e  
oxygen atmosphere a s  unpressurized con ta ine r s .  The use of 
s t a i n l e s s  steel, which i s  known t o  be f a r  supe r io r  t o  t i t an ium 
i n  th i s  respect, was t h e r e f o r e  considered. S p e c i f i c a l l y ,  t h e  
l o w  s i l i c o n  a l l o y ,  i n  t h e  ARDEFORMed and aged condi t ion ,  wi th  
i t s  Qigh s t r e n g t h  a t  -423F, was s e l e c t e d  for t h i s  app l i ca t ion .  
The o b j e c t i v e  o f  t he  program, the re fo re ,  'was t o  develop 
t h e  manufacturing technology necessary t o  produce t h e  con- 
f i g u r a t i o n  requi red  f o r  t he  Sa turn  I V  B helium s to rage  bot t les  . 
us ing  t h e  l o w  s i l i c o n  m a t e r i a l ,  The des ign  techniques u t i l i z e d  . . 
i n  adapt ing t h e  ARDEFOM process  t o  t h e  conf igu ra t iona l  requi re -  
ments; the manufacturing methods used i n  f a b r i c a t i n g  t h e  v e s s e l s ;  
an  i n v e s t i g a t i o n  of c h a r a c t e r i s t i c s  of s e v e r a l  h e a t s  o f  l o w  
s i l i c o n  m a t e r i a l  procured for t h i s  program; and some of the  
_ .  
problems w i t h  i nc lus ion  i n  the  m a t e r i a l  a r e  d iscussed  i n  t h i s  
r e p o r t .  
4 
111. SUJYMARY 
"he program r e s u l t e d  i n  the f a b r i c a t i o n  of s i x  (6) 
d e l i v e r a b l e  spheres  which passed Arde's q u a l i t y  requirements 
and a r e  s u i t a b l e  for -423F s e r v i c e ,  A h igh  s c r a p  r a t e  was en- 
countered i n  t h e  program due t o  s l a g  i n c l u s i o n s  i n  a h e a t  of 
m a t e r i a l  which was even tua l ly  r e j e c t e d ,  The d e l i v e r a b l e  vessels, 
t h e r e f o r e ,  w e r e  f a b r i c a t e d  from a d i f f e r e n t  h e a t  of m a t e r i a l  and 
c a r e f u l l y  inspec ted  t o  a s su re  t h a t  they  w e r e  free from any 
d e f e c t s  which could impair t h e i r  ope ra t ion  a t  -423F. 
The e f f o r t  on t h i s  program was divided i n t o  three 'phases:  
-1. The s e l e c t i o n  and t e s t i n g  of l o w  s i l i c o n  chromium- 
n i c k e l  a u s t e n i t i c  s t a i n l e s s  s tee l  h e a t s  s u i t a b l e  f o r  t h e  
f a b r i c a t i o n  of the p r e s s u r e  v e s s e l s .  
2. The des ign  of a sphere preform wi th  mounting 
p rov i s ions  and an i n l e t  boss, 
3. The a p p l i c a t i o n  of  t h e  aforementioned ARDEFORM 
f a b r i c a t i o n  techniques t o  t h e  product ion of c ryogen ica l ly  
stretch formed vessels f o r  helium gas  s torage .  
A. S e l e c t i o n  arid T e s t i n s  of Mate r i a l  S u i t a b l e  f o r  U s e  a t  -423F 
This phase c o n s i s t e d  of t h e  procurement of m a t e r i a l  t o  
s p e c i f i e d  chemical composition and c l e n a l i n e s s  i n  o rde r  t o  o b t a i n  
good mechanical p r o p e r t i e s  a f t e r  cryogenic (-32OF) s t r e t c h i n g .  
* A total of f i v e  (5) h e a t s  w e r e  poured for  t h i s  program. 
Each of these  h e a t s  w e r e  evaluated f o r  i t s -  behavior  dur ing  
p l a s t i c  deformation a t  l i q u i d  n i t rogen  temperatures (-32OF) and 
for i t s  p r o p e r t i e s  a t  -320F and room temperature.  I n  a d d i t i o n ,  
s e l e c t e d  h e a t s  w e r e  eva lua ted  for notch toughness and s t r e n g t h  
l e v e l  a t  temperatures a s  l o w  a s  -423F, Both welded and unwelded 
5 
specimens w e r e  evaluated.  The stress cor ros ion  r e s i s t a n c e  o f  
c ryogen ica l ly  p r e s t r a i n e d  ARDEFORM m a t e r i a l  w a s  a lso determined 
. dur ing  t h i s  phase of  t h e  program. Tes t ing  was performed with 
t e n s i l e  specimens both  by  Arde and NASA with  samples from t h e  
h e a t s  procured f o r  this  program. The r e s u l t s  i nd ica t ed  that  
uniformly good f r a c t u r e  toughness and s t r e n g t h  was exh ib i t ed  
by a l l  h e a t s  which m e t  s p e c i f i c a t i o n  chemistry. A summary of 
t h e  m a t e r i a l  p r o p e r t i e s  f o r  four  (4) of the f i v e  (5)  h e a t s  of  
t h e  low s i l i c o n  m a t e r i a l  s p e c i f i c a l l y  procured f o r  t h i s  program 
6 . i s  presented i n  Figure 111-1. Note from Figure 111-1 t h a t  t h e  
-423F Klc v a l u e s  obta ined  f o r  t h e  h e a t s  ;tested ranged from 75 
t o  80 k s i  tKn. The d a t a  f o r  H e a t  50793 which became a v a i l a b l e  
during t h e  course of t h e  program and which was scbsequent ly  u s e d ,  
t o  f a b r i c a t e  s e v e r a l  v e s s e l s  is  a l s o  presented i n  Appendix "F".  
_ -  B. Desiqn o f  t h e  Sphere Preform 
Design of t h e  s p h e r i c a l  v e s s e l  preform was based on u n i a x i a l  . 
t e s t  r e s u l t s  which w e r e  used i n  a computerized design program 
t o  e s t a b l i s h  t h e  preform dimensions. The y i e l d  s t r e n g t h  of t h e  
m a t e r i a l ,  a s  determined from u n i a x i a l  tests,  d i c t a t e d  t h e  f i n a l  
minimum th ickness  'of t h e  ves se l .  Conventional e l a s t i c  stress 
a n a l y s i s  was u t i l i z e d  i n  t h e  eva lua t ion  o f  t h e  s t r u c t u r a l  i n t e -  
- g r i t y  of t he  vessel and i t s  p o r t s  and bosses  under combined 
irrt e r n a l  pressure  and e x t e r n a l  "g" loads.  
Arde provieedl. four  c l e v i s  bosses  f o r  tie'down purposes a s  
a n  a l t e r n a t i v e  t o  t h e  o r i g i n a l  des ign ,  which used s t r a p s  t o  
mount t h e  vessel.. S t r a p s  c r e a t e  c rev ices  which tend  t o  l ead  t o  
c rev ice  cor ros ion  problems. 
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A primary cons ide ra t ion  i n  the product ion  of the  sphekes 
was t h e  inco rpora t ion  of t h e  i n l e t  boss and c l e v i s  suppor ts  
us ing  t h e  ARDEFORM process .  
s i m i l a r  conf igu ra t ions  ind ica t ed  t h a t  the des ign  decided upon 
could be f a b r i c a t e d ,  The r e s u l t s  of t h e  program bear  o u t  t h i s  
conten t ion .  N o  major d i f f i c u l t y  was encountered which r e l a t e d  
Arde's prev ious  experience wi th  
t o  the  sphere conf igu ra t ion  designed. - 
C. V e s s e l  F a b r i c a t i o n  
The. hemispherical  heads for t h e  vessels w e r e  hydroforrned 
and then  machined i n  o rde r  t o  produce a uniform th i ckness .  
The d e t a i l s  for the preform v e s s e l s  w e r e  t ungs t en - ine r t  gas  
(TIG)  welded. The v e s s e l s  w e r e  s o l u t i o n  annealed, c ryogenica l ly  
s t r e t c h e d  formed and aged. One v e s s e l  was c ryogenica l ly  (-320F) 
b u r s t  t e s t e d  by Arde. Two o t h e r  v e s s e l s  f a i l e d  dur ing  the 
s t r e t c h  forming ope ra t ion  and two w e r e  r e j e c t e d  a f t e r  s t r e t c h i n g ,  
a s  a r e s u l t  of rad iographic  inspec t ion .  A. t o t a l  of s i x  v e s s e l s  
w e r e  de l ive red  to NASA. 
The only problem of consequence which was encountered was 
the r e s u l t  o f  exogenous inc lus ions  i n  t h e  ma te r i a l .  The f a i l u r e  
of one v e s s e l  during s t r e t k h  forming could be d e f i n i t e l y  t r a c e d  
t o  the inc lus ions .  It was determined t h a t  welding l a r g e  in- 
c l u s i o n s  of t h i s  type r e s u l t e d  i n  t h e  b u r s t  of preforms during 
s t re tch forming, I n  t h e  course of t h e  program, Arde worked ou t ,  
i n  cooperat ion with- Magnaflux Corporation, a n  u l t r a s o n i c  in- 
spec t ion  technique which can reduce the  s c r a p  r a t e  due t o  the 
occurrence of such incAusions. Furthermore, it should be noted 
' 
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t h a t  the h e a t s  procured fo r  this program w e r e  s i n g l e  induct ion 
vacuum melted. A r d e ,  i n  conjunct ion w i t h  a subsequent program, 
‘procured a double vacuum melted h e a t  of  m a t e r i a l  on t h e  premise 
t h a t  t he  ma te r i a l  would no t  conta in  these exogenous inc lus ions .  
The b a s i s  f o r  t h i s  assumption i s  t h e  f ac t  t h a t  consumable elect .rode 
remel t ing  tends t o  a g i t a t e  and d i spe r se  inc lus ions  of t h i s  
na ture .  Two ( 2 )  v e s s e l s  u t i l i z i n g  material  from t h i s  h e a t  w e r e  
subsequent ly  f ab r i ca t ed  and de l ive red  t o  NASA i n  performance 
of t h i s  program. 
. In  add i t ion  t o  u l t r a s o n i c  inspec t ion  of e i t h e r  the s h e e t  
s tock  o r  t h e  head d e t a i l s ,  a l l  ves se l s  w e r e  r ad iog raph ica l ly  
inspec ted  a f t e r  s t r e t c h i n g .  Any cracks developing during the 
s t r e t c h i n g  ope ra t ion  can be de tec t ed  by , t h i s  method, whatever 
t h e  cause of  t h e  cracks.  A l l  v e s s e l s  de l ive red  i n  performance 
of t h i s  program w e r e  shown t o  be f r e e  from de tec t ab le  de fec t s .  
. 
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IV. PREFORM DESIGN 
A. Desiqn Philosophy for  S t r e t c h  Formed Spheres 
The h igh  s t r e n g t h  of Ardeform l o w  s i l i c o n  s t a i n l e s s  steel  
i s  obta ined  through deformation a t  -320F. A s  has  prev ious ly  
been descr ibed ,  t h e  deformation i s  accomplished dur ing  t h e  
Ardeform process ,  by p r e s s u r i z i n g  a preform f a b r i c a t e d  from 
annealed m a t e r i a l .  The preform i s  made smal le r  i n  s i z e  than  
t h e  r equ i r ed  f i n a l  v e s s e l  i n  o rde r  t o  al low f o r  s u f f i c i e n t  
expansion t o  achieve t h e  s t r e n g t h  requi red .  The design of  
a l l  components of t h e  preform, then,  must take  i n t o  con- 
s i d e r a t i o n  the  amount of s t r e t c h i n g  t h a t  w i l l  take p l a c e ,  
for t w o  reasons: 
. 
1) A f t e r  s t r e t c h i n g ,  the v e s s e l  must m e e t  t h e  
dimensional requirements of the f i n i s h e d  
produck. 
2) A f t e r  s t r e t c h i n g ,  the  v e s s e l  must have been 
co ld  worked s u f f i c i e n t l y  to  produce t h e  
d e s i r e d  s t r e n g t h  l e v e l .  
Obviously, i f  t h e  preform i s  t o o  small, then it may 
b u r s t  during s t r e t c h i n g  before  it achieves t h e  d e s i r e d  s i z e .  
If t h e  preform i s  too l a rge ,  then it w i l l  reach t h e  d e s i r e d  
s i z e  r e a d i l y ,  but w i l l  no t  achieve s. s a t i s f a c t o r y  s t r e n g t h  
l e v e l .  I n  a d d i t i o n ,  the w a l l  th ickness  must be s i z e d  so t h a t  
the weight and b u r s t  p r e s s u r e  or' the  f i n i s h e d  vessel w i i l  be 
as requi red ,  and make f u l l  use of the  r e s u l t i n g  m a t e r i a l  
0 
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s t r e n g t h  level,  I n  t h e  preform design, t he re fo re ,  m i l l  and 
manufacturing th i ckness  to l e rances  of t h e .  m a t e r i a l  must be 
c a r e f u l l y  considered,  
The des ign  of preforms for cryogenic s t r e t c h '  forming, 
may be based on b i a x i a l l y  s t r e t c h e d  v e s s e l  behavior p r e d i c t e d  
f r o m  u n i a x i a l  t e n s i l e  specimen da ta ,  The d e r i v a t i o n  of 
equat ions  p r e d i c t i n g  the stresses and s t r a i n s  i n  a p l a s t i c a l l y  
. deformed sphere f r o m  u n i a x i a l  specimens i s  o u t l i n e d  i n  Appendix A. 
From s i m p l i f i e d  t o t a l  deformation theory it can be shown t h a t  
t h e  following r e l a t i o n s h i p s  hold f o r  s t r e t c h i n g  spheres:  
where e, i s  t h e  t r u e  hoop s t r a i n  of a sphere a t  t r u e  
hoop stress 
i s  t h e  trqe s t r a i n  of a u n i a x i a l  specimen a t  a 
t r u e  stress c 
An empi r i ca l  f a c t o r  based on experience,  however, i n d i c a t e s  t h a t  
t h e  p l a s t i c  s t r a i n  component from equat ion  (I) i s  more nearly:  
1 (a> i,= ,45 
U s i n g  equat ions  ( l a )  and (2?,  a cryogenic b i a x i a l  stress- 
s t r a i n  curve for spheres  may be cons t ruc ted  from a cryogenic 
u n i a x i a l  s t r e s s - s t r a i n  curve,  Such b i a x i a l  curves  a r e  prepared 
€or each h e a t  of  m a t e r i a l  and a r e  used . to  p r e d i c t  t h e  amount 
of  s t r e t c h i n g  which spheres  w i l l  undergo when they a r e  pressur -  
ized  dur ing  t h e  s t r e t c h  forming process, Modif icat ions to t hese  
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r e l a t i o n s h i p s  have been made a t  Arde t o  include t h e  effects 
of the e l a s t i c  components of t h e  s t r a i n .  
An a d d i t i o n a l  design requirement i s  t o  p r e d i c t  t h e  
s t r e n g t h  which r e s u l t s  when spheres  a r e  s t r e t c h e d  a s p e c i f i e d  
amount. I t  has  been shown, a t  Arde, t h a t  t he  s t r e n g t h  of such 
spheres  i s  equa l  t o  t h e  s t r e n g t h  of u n i a x i a l  specimens which 
have been p r e s t r e s s e d  t o  t h e  same t r u e  stress l e v e l s .  
A b i a x i a l  design c h a r t . f o r  h e a t  97107 der ived  from u n i a x i a l  
da ta ,  i s  p re sen ted  i n  Figure I V - I ,  The t r u e  s t r a i n s ,  e, have 
been c o r r e c t e d  f o r  e l a s t i c  rebound ant3 converted t o  more f a m i l i a r  
engineer ing  s t r a i n s  i n  the  char t .*  Therefore,  s t r a i n s  a r e  
. presented  a s  -- D 
D 
E i.e., 1 $. engineer ing  s t r a i n ,  where: 
0 
D = t h e  f i n a l  diameter o'E s t r e t c h e d  sphere 
D \= t h e  i n i t i a l  diameter of t h e  sphere 
a f t e r  e l a s t i c  rebound 
a preform 
€ 8  * engineer ing  s t r a i n  = - I  
The c h a r t  shows s e v e r a l  curves  of i n t e r e s t  t o  t h e  sphere 
designer .  The curve labeled i n d i c a t e s  t h e  t r u e  stress achieved 
a t  -320F dur ing  the cryogenic s t r e t c h i n g  process ,  and i s  der ived  
from t h e  u n i a x i a l  d a t a  us ing  q a a t i c n s  ( l a )  ar,d (2)  and in- 
e ludes  c o r r e c t i o n s  f o r  e l a s t i c  s t r a i n .  The curve l abe led  S 
i s  more u s e f u l  for  t h e  designer  s i n c e  it p r e d i c t s  the nominal 
cryogenic  s t r e t c h i n g  stress requi red  t b  s t r e t c h  a sphere preform 
2 
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a g iven  amount. N o t e  t h a t  t h e  S curve exhibits a maximum. 
This  maximum r e p r e s e n t s  t he  l i m i t i n g  nominal stress and s t r a i n  
2 
of spheres  made from t h i s  m a t e r i a l  du r ing  the cryogenic  s t r e t c h -  
ing  process ,  Exceeding the  stress or s t r a i n  a t  t h e  maximum w i l l  
cause t h e  sphere t o  b u r s t  dur ing  the stretch. The S curve 
shows t h e  b u r s t  s t r e n g t h s  a t  d i f f e r e n t  ope ra t ing  temperatures  
for spheres  which have been s t r e t c h e d  t o  a diameter r a t i o , &  
and which have then  been aged. 
1A 
D 
DO 
B. Sphe r i ca l  S h e l l  Desiqn 
@To des ign  a preform w h i c h  w i l l  r e s u l t  i n  a h igh  s t r e h g t h  
sphere,  t h e  following procedure is used: 
A s a f e  va lue  of S i s  chosen t o  t h e  l e f t  o f  the maximum on 
2 
t h e  S2 curve,  T h i s  procedure p reven t s  t h e  s t r a i n  of the  sphere 
from exceeding i t s  l i m i t ,  and thereby avoids  b u r s t i n g  during t h e  
s t r e t c h  forming process .  A t  t he  same t i m e  the. value of t he  * 
s t r e t c h e d  and aged sphere b u r s t  s t r e n g t h  must exceed a d e s i r e d  . . 
value.  For example, from Figure IV-1, a nominal s t r e t c h i n g  
D stress of 240 k s i  i s  s e l e c t e d  from S a t  a 2 value  of  1.042, 
This  des ign  p o i n t  i n d i c a t e s  t h a t  a sphere D o w i l l  s t r e t c h  4.2% 
D i n  diameter  i f  p r e s s u r i z e d  t o  a nominal stress o f  240 k s i ,  A t  p 
= 1.042, t h e  p r e d i c t e d  b u r s t  s t r e n g t h  a t  any ope ra t ing  tempera- 
t u r e  a f t e r  s t r e t c h i n g  and aging i s  then  determined f rom. the  s u i t -  
a b l e  S curve.  Only one S p o i n t  a t  a -423F ope ra t ing  tempera- It9 In 
t u r e  i s  a v a i l a b l e  for t h i s  hea t .  However, t h e  d e s i r e d  -423F 
st rength.  l e v e l  i s  only  340,000 p s i .  
2 
30 
This.  i s  less than  t h e  354 k s i  
ob ta inab le  wi th  only a 3.8% s t r a i n ,  Therefore,  a 4.2% s t r a i n  
would a s su re  a b u r s t  stress of 340,000 p s i  a t  -423F. 
14 
From t h e  des ign  c h a r t  then, the nominal cryogenic 
s t r e t c h  forming stress of 240,000 ks i ,  and t h e  s t r a i n  of 4.2% 
have been determined, I n  add i t ion ,  t h e  d e s i r e d  -4235' s t r e n g t h  
of 340 k s i  has  been shown t o  be achievable  .under these  s t r e t c h  
condi t ions .  
The minimum f i n a l  v e s s e l  w a l l  th ickness  i s  nex t  determined 
f r o m  t h e  des ign  b u r s t  stress a t  -423F a s  follows: 
where PB i s  the des ign  b u r s t  p r e s s u r e  of 7100 ps i  
D i s  the  des ign  I .D.  of 22.6 inches 
SIA i s  t h e  design stress of 340,000 p s i  a t  
P 
opera t ing  cond i t ions  
_ .  From equat ion  (31, t h e  f i n a l  minimum w a l l  th ickness  i s  ,118 i n .  
A t  this p o i n t  the dimension o f  the preform may be 
determined. The preform I.D. i s  determined from the  4.2% s t r a i n  
obtained from t h e  des ign  c h a r t  and t h e  d e s i r e d  f i n a l  I .D.  of 
22.6 inches.  
. (4) D =Dp/Dy = 22.6 = 21.69 inches 
DO 1.042 0 
I n  order  t o  determine t h e  preform wall th ickness ,  it 
i s  necessary t o  know t h e  r e l a t i o n s h i p  between the  preform w a l l  
t h i ckness  and t h e  f i n a l  v e s s e l  wall t h i ckness  for a known 
stretch percentage.  This  r e l a t i o n s h i p  may be shown t o  be: 
15 
where t is  the  preform th ickness  
0 
Thus, the preform design of t h e  s p h e r i c a l  s h e l l  i s  
accomplished except  for manufacturing to l e rances .  
of  manufacturing t o l e r a n c e s  i s  g iven  i n  Sec t ion  VI-B 
A d i scuss ion  
C, B o s s  Analyses 
The helium b o t t l e  con ta ins  four  (4) small  s t r a p  attachment 
bosses and one l a r g e  boss which se rves  a s  a p o r t  a s  w e l l  a s  
a support  p o i n t  f o r  t h e  bott le.  
f o r c e s  a c t i n g  on the bot t le  a r e  t r ansmi t t ed  through these 
suppor t  p o i n t s .  
stresses i n  the  bosses  and t h e  bot t le  du.e t o  these  loads 
superimposed on the  p r e s s u r e  stresses. This a n a l y s i s  i s  
presented  i n  Appendix (3) of t h i s  report . '  
t h a t  t h e  stresses imposed by these  loads  can be adequately 
c a r r i e d  by the  s h e l l  s t r u c t u r e  designed in accordance wi th  
Sec t ion  I3 above. 
The v i b r a t i o n  and a c c e l e r a t i o n  
An a n a l y s i s  was made t o  de te rn ine  the  
The r e s u l t s  i n d l c a t e  
The method of a n a l y s i s  used i n  the  boss stress determinat ion 
followed these  s t e p s :  
1. 
2. 
Determine the tank a c c e l e r a t i o n  and v i b r a t i o n  loads 
based on equ iva len t  s t a t i c  v i b r a t i o n  loads and 
f l i g h t  a c c e l e r a t i o n  loads i n  the  r a d i a l  and a x i a l  
d i r e c t i o n s .  
Apply a des ign  y i e l d  f a c t o r  of 1.25 to t hese  loads 
and determine t h e  tank suppor t  point reac-lions. 
I 
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3.  Determine t h e  stresses i n  t h e  l a r g e  boss due t o  
supe rpos i t i on  of t h e  r a d i a l  suppor t  load and in- 
t e r n a l  pressure .  T h e s e . s t r e s s e s  a r e  found by a 
' 'd iscont inui ty ' l  a n a l y s i s  which c o n s i s t s  of  reducing 
the  s t r u c t u r e  t o  component p a r t s  such a s  r ings ,  
c y l i n d e r s ,  cones and s p h e r i c a l  segments. Unknown 
edge shea r s  and moments a r e  app l i ed  t o  each component; 
and d e f l e c t i o n  and r o t a t i o n  express ions  a r e  w r i t t e n  
for  each segment i n  terms of these  unknown forces. 
Equating t h e  d e f l e c t i o n s  and r o t a t i o n s  a t  ad j acen t  
p o i n t s  r e s u l t s  i n  a series of simultaneous equat ions.  
The s o l u t i o n  of these  equat ions  g ives  t h e  magnitudes 
of t h e  forces .  I n t e r n a l  stresses a r e  then computed, 
, 
4. Stresses due t o  the l a t e r a l  suppor t  load on the. l a r g e  
boss a r e  then  computed us ing  the  method of a n a l y s i s  
p re sen ted  i n  t h e  Welding Research Council  B u l l e t i n  
No.  107 "Local Stresses i n  S p h e r i c a l  and C y l i n d r i c a l  
S h e l l s  dug t o  Ex te rna l  Loadings". Pressure  stresses 
a r e  then added to  determine the  maximiim combined 
stress, 
5. The smal l  boss is  analyzed for the maximum s t r a p  
load. This load i s  converted t o  a t a n g e n t i a l  and 
r a d i a l  component and stresses i n  t3e shel l  a r e  
determined again using t h e  above re ferenced  Bu l l e t in .  
Pressure  stresses a r e  added t o  t h e s e  t o  determine 
the maximum coni5ined stress. 
. 
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D. Completed V e s s e l  Desisn 
The v e s s e l  is  def ined,  a f t e r  s t r e t c h i n g  the  preform assembly 
and f i n a l  machining, i n  the  Arde Drawing SKE 10392 which i s  
included i n  t h i s  Sec t ion .  (Figure IV-2)  
c 
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V. NATERIAL ACCEPTANCE AND EVALUATION 
A. Ma te r i a l  Acceptance Procedures 
The m a t e r i a l  used for a p p l i c a t i o n s  a t  cryogenic  tempera- 
t u r e s  i s  an a u s t e n i t i c  s t a i n l e s s  s teel  wi th  very low s i l i c o n ,  
manganese and carbon l e v e l s .  The Arde s p e c i f i c a t i o n  which 
sets f o r t h  t h e  r equ i r ed  to l e rances  on h e a t  chemistry and 
o t h e r  c h a r a c t e r i s t i c s  i s  AES 256, T h i s  s p e c i f i c a t i o n  i s  
included i n  Appendix ( c )  . The s p e c i f i c a t i o n  c a l l s  for the  
m a t e r i a l  t o  be vacuum induct ion  melted. from high p u r i t y .  
charging m a t e r i a l s .  Of s p e c i a l  s i g n i f i c a n c e  a r e  t h e  h igh  
s tandards  o f  m a t e r i a l  c l e a n l i n e s s  included ir, the spec i f i ca -  
t i on .  
The tests performed t o  determine conformance t o  Speci-' 
f i c a t i o n  AES 256 c o n s i s t  of  independent check ana lyses  o f  
h e a t  chemistry,  metal lographic  examination for inc lus ion  
d i s t r i b u t i o n  and s i z e ,  metal lographic  examination f o r  g r a i n  
s i z e ,  and i n t e r g r a n u l a r  ca rb ides ,  I n  add i t ion ,  v i s u a l  
examination of s h e e t  surfa'ce cond i t ion  and dimensional in- 
spec t ion  of t h e  m i l l  product  i s  made, F i n a l l y ,  i n  accordance 
with the Arde s p e c i f i c a t i o n ,  samples from each lot of m a t e r i a l  
a r e  r ad iog raph ica l ly  inspected t o  e s t a b l i s h  t h a t  t h e  m a t e r i a l  
i s  f r e e  from sub-surface g ross  defects. All these requirements 
w e r e  e s t a b l i s h e d  a t  Arde a s  a r e s u l t  o f  experience with m a t e r i a l s  
d 
used i n  cryogenic s t re tch forKing, 
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Mate r i a l  c l e a n l i n e s s  has  been def in , te ly  e s t a b  shed 
as  a requirement for t h e  production. of r e l ' i ab l e  welds i n  pre- 
forms f o r  t h e  ARDEFORM process .  S p e c i f i c a l l y  note  t h a t  the  
maximum s i z e  of  g l o b u l a r  oxides  i s  l i m i t e d  t o  25  microns i n  
t h e  A r d e  s p e c i f i c a t i o n .  
t o  e l imina te  w e l d  p o r o s i t y  which has  been t r a c e d  to  t h i s  
type of inc lus ion .  The rad iographic  in spec t ion  procedure 
The purpose of t h i s  l i m i t a t i o n  i s  
serves  a s  a f u r t h e r  check on t h e  occurrence o f  non-metall ic 
i nc lus ions  i n  t h e  m a t e r i a l .  I n  t h e  p a s t ,  exogenous inc lus ions  
of r a t h e r  l a r g e  s i z e  w e r e  de tec ted  by the  rad iographic  in- 
spec t ion  of shee t .  
r e f r a c t o r y  i n  na tu re  and can cause ves'sel f a i l u r e s  during the  
cryogenic  s t r e t c h i n g  opera t ion .  
This type of inc lus ion  i s  g e n e r a l l y  h ighly  
Mate r i a l  chemistry has  been shown t o  be the  primary f a c t o r  
i n  e s t a b l i s h i n g  the mechanical p r o p e r t i e s  which can be obtained 
from a given h e a t  of material,.  A s  a r e s u l t ,  c l o s e  to l e rances  
have been e s t a b l i s h e d  for t h e  c o n s t i t u e n t s  of  t h i s  ma te r i a l .  
Unusual i n  t e r m s  of s t a i n l e s s  s teel  s p e c i f i c a t i o n s  is  the 
oxygen and hydrogen requirement i n  the Arde spec i f  i ca  t i o n .  
This requirement was e s t a b l i s h e d  because of  evidence which 
showed t h a t  high oxygen' l e v e l s  over i40 ppm w e r e  r e spons ib l e  
f o r  i nc reas ing  t h e  h e a t  cracking s u s c e p t i b i l i t y  of a u s t e n i t i c  
s t a i n l e s s  steels of t h i s  gene ra l  composition range, Zigh 
l e v e l s  of bo th  oxygen and hydrogen w e r e  a l s o  noted t o  be 
de t r imen ta l  t o  t h e  f r a c t u r e  toughness of cryogenica l ly  stretch 
formed m a t e r i a l  p a r t i c u l a r l y  a t  cryogeriic temperatures .  
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I n  a d d i t i o n  t o  t h e  aforementioned s p e c i f i c a t i o n ,  which 
e s t a b l i s h e s  t h e  procurement requirements f o r  t h e  m a t e r i a l ,  
o t h e r  eva lua t ion  procedures a r e  performed w i t h  each h e a t  of 
ma te r i a l .  Thus, t he  h e a t s  procured f o r  t h i s  program w e r e  - 
evalua ted  for  w e l d a b i l i t y  by means of a specimen devised by 
Arde. F i n a l l y ,  a thorough i n v e s t i g a t i o n  of the mechanical 
p r o p e r t i e s  of  t he  m a t e r i a l  was performed. The r e s u l t s  o f  t h e  
eva lua t ion  and acceptance t e s t i n g  of t h e  m a t e r i a l s  i s  d i s -  
cussed b e l o w .  The mechanical proper ty  t e s t i n g  and r e s u l t s  a r e  
presented  i n  Sec t ion  VIII. 
- 
B. Evaluat ion of  Mate r i a l  
1. Check Analysis of t h e  Mate r i a l  
Check a n a l y s i s  was made on a sample from t h e  i n g o t  
of each hea t .  The a n a l y s i s  was performed f o r  Arde by an 
independent l abora to ry .  W e t  chemical a n a l y t i c  methods w e r e '  
used f o r  a l l  elements except  hydrogen and oxygen. Oxygen was 
determined using vacuum fus ion  gas  a n a l y s i s  o f  t he  i n g o t  
sample. Nitrogen was determined by the  Kjeldahl  method. 
Hydrogen which i s  a l s o  determined by vacuum fus ion  gas  a n a l y s i s  
i s  v a r i a b l e  throughout the. p rocess ing  o f  the  i n g o t  and reaches 
i t s  f i n a l  l e v e l  only a f t e r  conversion of the  ingo t  t o  slab or 
s h e e t  ba r .  Samples for t h e  hydrogen check a n a l y s i s ,  t h e r e f o r e ,  
cons i s t ed  of p i e c e s  c u t  f r o m  sheet b a r  made from each h e a t .  The 
r e s u l t s  of t h e  check ana lyses  a long with t h e  s tee l  vendor 's  
cer t i f ied a n a l y s i s  f o r  each h e a t  a r e  shown and compared w i t h  the  
s p e c i f i f i e d  composition f r o m  Arde S p e c i f i c a t i o n  AES 256 i n  
Table V-1. 
c 
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The a n a l y s i s  of h e a t  97106 which was one of  t h e  f i v e  (5)  . 
heats i n i t i a l l y  procured w a s  outwardly r e j e c t e d  due t o  non- 
conformance wi th  chemistry requirements and hence has  been 
omit ted from the table. 
The da ta  f o r  h e a t  50793 has  been included i n  t h e  t a b l e  
even though t h e  m a t e r i a l  w a s  no t  s p e c i f i c a l l y  procured f o r  use  
i n  th i s  program. This  material  w a s  procured i n  conjunct ion 
w i t h  another  program and a po r t ion  d ive r t ed  t o  f u l f i l l  t h e  
requirements f o r  two of t h e  de l ive red  v e s s e l s  on t h i s  program. 
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Heat 97056 may be seen f r o m  Table V-1  t o  m e e t  all 
of the 
h igher  
composition requirements except for a somewhat 
carbon than s p e c i f i e d .  Because of the schedule 
requirements of the  program a t  i t s  i n i t i a t i o n  it was f e l t  * 
t h a t  i f  a l l  o t h e r  properties such a s  s t r e n g t h  f r a c t u r e  
toughness , c l ean l ine  s s, we l d a b i l i t y  and genera 1 fab r  i c a b i l i  t y  
w e r e  acceptab le  then the s l i g h t l y  h igher  carbon level would 
no t  be s u f f i c i e n t  reason for  r e j e c t i o n .  I t  was, t he re fo re ,  
decided t o  cont inue eva lua t ion  of t h e  m a t e r i a l  for  these  
o t h e r  c h a r a c t e r i s t i c s  and if t hese  proved s a t i s f a c t o r y  t o  
accept the  mater ia  1. 
Heat 97057 w a s  shown to  be too h igh  i n  oxygen and 
hydrogen and was the re fo re  r e j e c t e d .  The vendor ind ica t ed  
t h a t  t he  high oxygen l e v e l  i n  t h i s  h e a t  w a s  t r aced  to  the  
use of a charging m a t e r i a l  of i n s u f f i c i e n t  p u r i t y .  Un- 
f o r t u n a t e l y ,  charging m a t e r i a l s  w i t h  a s a t i s f a c t o r y  p u r i t y  
was n o t  a v a i l a b l e  a t  the  t i m e  t he  h e a t  was poured. Subsequent 
h e a t s  w e r e  poured wi th  the  correct charging m a t e r i a l .  
Heat 97058 w a s  acceptab le  i n  a l l  respects except  t h a t  
t he  vendor r epor t ed  a combined sulphur and phosphorous l e v e l  
of .OIEl% which was h i g h  compared t o  the  s p e c i f i c a t i o n  req9.ire- 
ment of .015% masinurn. The steel vendor informed Arde t h a t  
t h i s  va lue  r e s u l t e d  f r o m  the a d d i t i o n  of t h e  r e s u l t s  of 
sepa ra t e  ana lyses  for phosphorsus and sulphur .  This procedure 
o f t e n  . r e s u l t s  i n  a value t h a t  is  h igher  than  t h a t  which woul’dt 
2 5  
I. 
be obtained i f  t h e  two elements w e r e  analyzed i n  combination. 
The check a n a l y s i s  shows t h e  r e s u l t s  of analyzing t h e  t w o  
.elements i n  combination. The .0113% value  repor ted  i s  wi th in  
the s p e c i f i c a t i o n .  . Therefore,  h e a t  97058 was accepted. 
H e a t  97107 was accepted inasmuch as it m e t  a l l  t h e  spec i -  
f i c a t  ion compos it ion  requ i r  emen t s  wi thout  devia t ion .  
I n  summary, then ,  o f  t h e  f i v e  (5) h e a t s  i n i t i a l l y  procured, 
one h e a t  97057 was r e j e c t e d  f o r  h igh  oxygen l e v e l s ;  h e a t  97106 
was r e j e c t e d  f o r  non-conformance t o  chemistry requirements,  h e a t  
97056 was c o n d i t i o n a l l y  accepted because of  the high carbon 
level ;  and t h e  two remaining h e a t s ,  97058 and 97107, w e r e  deemed 
t o  have acceptab le  h e a t  chemistr.ies. 
Heat 50973, which became a v a i l a b l e  i n  conjunct ion wi th  . 
another  program and subsequently used i n  performance o f  t h i s  
program, was found completely acceptab le  i n  accordance with 
Arde S p e c i f i c a t i o n s .  
2 .  Metal loqraphic  Examination of  t h e  Mater ia l  
A l l  metal lographic  examinations w e r e  'conducted us ing  
samples from t h e  s h e e t  r o l l e d  f o r  the program. In t e rg ranu la r  
carb ides  w e r e  found t o  be very l i g h t l y  s c a t t e r e d  throughout 
all of t h e  s h e e t  samples t e s t e d .  This was n o t  f e l t  t o  be 
s e r i o u s  inasmuch a s  t h e  manufacturing process  c a l l e d  f o r  a 
s o l u t i o n  anneal  a f t e r  welding and p r i o r  t o  s t r e t c h  forming. The 
s p e c i f i e d  r e s t r i c t i o n  on in te r -granular  ca rb ides  on incoming 
sheet m a t e r i a l  was based cn Arde experience which ind ica t ed  
that  e m b r i t t l e m e r i t  a t  cryogenic temperatures occurs  i f  heavy 
in t e r -g ranu la r  ca rb ide  p rec ip i t a t ion .  i s  p resen t .  Inasmuch 
a s  a complete s o l u t i o n  anneal  was p a r t  o f  t h e  processing sequence 
i n  t h e  f a b r i c a t i o n  of t h e  spheres f o r  t h i s  program, r e - so lu t ion  
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of the l i g h t  ca rb ides  noted would d e f i n i t e l y  t ake  p l a c e  a t  
t he  time t h e  p a r t s  w e r e  annealed. .The re fo re ,  a l l  of t h e  
s h e e t s  w e r e  deemed acceptab le  i n  t e r m s  of the c a r b i d e s  noted. 
The c l e a n l i n e s s  of the h e a t s  w e r e  eva lua ted  and t h e  
r e s u l t s  a r e  shown i n  Table V-2. All of t h e  c l e a n l i n e s s  
r a t i n g s  f e l l  w i th in  t h e  c l e a n l i n e s s  s p e c i f i c a t i o n s  except  
t h a t  a s l i g h t  d e v i a t i o n  i n  Type D t h i n s  was noted i n  Heat 97058. 
The d e v i a t i o n  was n o t  f e l t  t o  be s e r i o u s  enough for r e j e c t i o n .  
Thapr imary  reason f o r  the c o n t r o l  of t h i s  type of inclu'sion 
is  avoidance or' weld p o r o s i t y  and s i n c e  no heavy g lobu la r  
oxides  w e r e  found, it was f e l t  t h a t  the a d d i t i o n a l  smal l  q u a n t i t y  
of t h i n  inc lus ions  not iced  would n o t  s i g n i f i c a n t l y  a f f e c t  the 
. weldab i l i t y .  The h e a t  was, t he re fo re ,  n o t  r e j e c t e d .  
I n  summary, then,  t h e  gene ra l  c l e a n l i n e s s  of t hese  
_ .  
h e a t s  was very good and no l a r g e  inc lus ions  were noted i n  any 
of the samples examined meta l lographica l ly .  
noted a t  t h i s  p o i n t ,  however, t h a t  a s  a r e s u l t  of  premature 
b u r s t i n g  of preforms dur ing  s t r e t c h  forming,  some l a r g e  d e f e c t s  
w e r e  found and. i d e n t i f i e d  a s  the  cause of t h e  s t r e t c h  p i t  b u r s t s .  
It  should be 
These p a r t i c u l a r  d e f e c t s  w e r e  very widely d i s t r i b u t e d  and were 
n o t  encountered dur ing  microsco;?ic examination probably 
because of t h e i r  low frequency of occurrence,  More i s  s a i d  
about t hese  inc lus ions  i n  Sec t ion  VII. 
Grain s i z e  was determined f r o m  the s h e e t  samples and i n  
a l l  c a s e s  was smal le r  than the  maximum s i z e  s p c i f i e d ,  
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TABLE V-2 
INCLUSION CONTEI\TT OF HEATS 
S p e c i f i e d  Heat Heat - Heat 
Character  i s  t i cs  97056 970 58 97107 
.z.YE?s Rat i n q  Ra t i n q  Rat inq  Ra t i n q  
A Thin 
A Heavy 
B Thin 
B Heavy 
C Thin 
C Heavy 
D Thin 
D Heavy 
1 
0 
1 
3 
1 
0 
1 
1 
0 
0 
0 
1 
0 
0 
0 
1 1/2 
0 
0 
0 
0 
0 
1 
0 
1 
0 
* 
8 
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3 .  Weldabi l i ty  Sample 
A s  a check on t h e  w e l d a b i l i t y  of t h e  h e a t s ,  t w o  
c y l i n d r i c a l  p i e c e s  5 1/2 inches i n  diameter  a r e  f ab r i ca t ed ,  
and these  a r e  welded toge ther  using a s i n g l e  p a s s  g . i r th  
weld. 
l o n g i t u d i n a l  a x i s  and t h e  e x t e r i o r  and i n t e r i o r  of the  
weld and h e a t  a f f e c t e d  zone dye checked. 
dye check i n d i c a t i o n s  was performed wi th  30X magnif icat ion.  
N o  c racks  w e r e  found i n  samples from any of the  hea t s .  
The c y l i n d e r s  w e r e  then c u t  i n  h a l f  a long t h e  
Examination f o r  
4. 
. used on 
Radiographic Inspec t ion  
Radiographic in spec t ion  of t h e  s h e e t  2rom the h e a t s  
t h i s  program showed no defects. Because of t h e  
scheduled requirements on t h i s  program, one of t h e  h e a t s  
was shipped t o  a hydroform vendor pr ior  t o  examination 04 
t he  s h e e t  by rad iographic  methods. However, rad iographic  
in spec t ion  was perfoxmed a f t e r  t he  heads w e r e  formed and these 
tests showed no d e f e c t s .  
f a b r i c a t i o n  and s t r e t c h i n g  brought t o  l i g h t  l a r g e  s l a g  inc lus ions  
i n  t h e  m a t e r i a l ,  t hese  were a t  no t i m e  de t ec t ed  by the  radio-  
graphic  in spec t ion  technique a s  was previous ly  noted, 
s a i d  concerning these  d e l e t e r i o u s '  s l a g  inc lus ions  i n  Sec t ion  V I T .  
Again it should be noted t h a t  a l though 
More i s  
. 
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VI FABRICATION TECHNIQUES 
.A. Process ins  Sequence 
The f a b r i c a t i o n  of the helium spheres  follows, e s s e n i i a l l y ,  
t h e  procedure of f i rs t  bu i ld ing  a s p h e r i c a l  preform, s t r e t c h i n g  
the preform a t  -320F, f i n a l  machining and aging. 
The s p h e r i c a l  s h e l l s  were cons t ruc ted  from hydroformed 
. . hemispheres which w e r e  machined t o  improve th ickness  to l e rances .  
Bosses and p o r t s  w e r e  machined from forg ings  and a l l  d e t a i l s  
w e r e  assembled by welding t o  produce the  preform. 
. 
A flow c h a r t ,  shown i n  Figure V I - I ,  l i s t s  t h e  d e t a i l e d  
process ing  and in spec t ion  steFs i n  t he  f a b r i c a t i o n  of  t h e  
v e s s e l s .  Some of t h e  m o r e  i n p o r t a n t  f a b r i c a t i o n  s t e p s  a r e  d i s -  
cussed i n  g r e a t e r  d e t a i l  below. 
B. Hydroforminq and Machininy of Hemispheres 
t 
The hydroforming process was s e l e c t e d  t o  produce the  hemi- 
s p h e r i c a l  heads f o r  t h e  spheres . Hydroforming r e q u i r e s  r e l a t i v e l y  
inexpensive i n i t i a l  t o o l i n g  and is  a r e l i a b l e  means of producing 
hemispheres from s h e e t  s tock.  
For t h e  th ickness  of heads u t i l i z e d  i n  t h i s  program, the  
hydroforming was done i n  two s t r i k e s .  During t h e  f i r s t  strike 
t h e  head was drawn t o  about 95% of .its full depth.  The head 
was then cleaned,  s o l u t i o n  a m e a l e d  and r e s t r u c k .  The second 
s t r i k e  was used t o  shape up the head and achieve closer dimensional 
c o n t r o l ,  A l l  handl ing of m a t ~ ! r i a l ,  c l ean ing  and anneal ing w a s  
performed by t h e  hydroform vendor i n  accordance w i t h  app l i cab le  
Arde s p e c i f i c a t i o n s .  
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1. S t a r t i n q  Mate r i a l  Thickness 
I t  has  been Arde's experience t h a t  hydroforming o f  
hemispheres g e n e r a l l y  r e s u l t s  i n  about a 15% t o t a l  v a r i a t i o n  
i n  t h e  w a l l  th ickness  of t h e  hemisphere. I n  o r d e r  t o  reduce 
t h e  weight of  t h e  v e s s e l s ,  t he  e n t i r e  o u t s i d e  su r face  of  each 
hemisphere was machined t o  a reasonably cons t an t  t h i ckness .  
To provide enough m a t e r i a l  f o r  machining, t h e  as-formed head 
th ickness  was s e t  a t  a minimum of ,009 t h i c k e r  than the  
minimum preform w a l l  t h i ckness ,  
t h e  preform v e s s e l  i s  .128" (See Sec t ion  I V )  . Thus, t h e  minimum 
head th ickness  a f t e r  hydroforming must be .137. Since a thick-  
nes s  v a r i a t i o n  of 15% must be a n t i c i p a t e d  during the  hydro- 
forming, t h e  minimum f l a t  s h e e t  stock th ickness  ordered was 
15% g r e a t e r  than  the  minimum hydroformed head th ickness .  
minimum s h e e t  stock th ickness  ordered,  t he re fo re ,  was ,158 inches,  
The minimum w a l l  th ickness  of 
The 
The s p e c i f i c a t i o n  t o  which s h e e t  s tock  for t h i s  program 
was ordered, AES 256, allows a thickness v a r i a t i o n  of k ,007" 
for t h e  nominal th ickness  requi red .  The sheet th ickness  ordered, 
t he re fo re ,  was ,165 -t- .007 inches.  
2. F i n a l  Thickness Var i a t ion  
Based on d i scuss ions  wi th  head vendors p r i o r  t o  t h e  
incep t ion  of t h e  program, it was f e l t  t h a t  a t o l e rance  of k ,003 
inches could be maintained during the  machining om' the  su r face  
of  the hemispheres. Thus, the b l u e p r i n t  th ickness  of the head 
was se t  a t  ,128" minimum and ,134" maximum. 
0 
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The heads. used f o r  t he  helium bottles w e r e  hydro- 
formed and machined by a vendor. Two f i n i s h e d  heads, one 
wi th  t h e  boss  cut-outs  and one without  t h e  boss  cut-outs  
w e r e  submitted by the  vendor p r i o r  t o  the product ion run of 
a l l  heads. Arde c a r e f u l l y  inspec ted  these heads f o r  thick-  
ness  v a r i a t i o n s  and s p h e r i c i t y ,  The heads w e r e  inspec ted  f o r  
t h i ckness  v a r i a t i o n s ,  a long four  meridians 90° a p a r t ,  a r b i -  
t r a r i l y  drawn from apex t o  g i r t h .  
taken a t  t w o  inch i n t e r v a l s  along each m e r i d i a n a l . l i n e .  See 
Figure 111-2 for  t h e  dimension obtained.  
ments revea led  t h a t  t h e  o r i g i n a l  assumption concerning th ickness  
Thickness readings  w e r e  
These th ickness  measure- 
v a r i a t i o n  was u n r e a l i s t i c .  The vendor, i n  s p i t e  of  h i s  bese 
e f f o r t  and the use of s p e c i a l  t oo l ing ,  could n o t  o b t a i n  a 
‘ th i ckness  to l e rance  of f .003 inches ,  A t o l e rance  of +. -007 
inches i s  m o r e  r e a l i s t i c .  Thus, i n  o r d e r  t o  r e t a i n  a minimum 
preform w a l l  th ickness  of .128, t h e  head thickness  was set  a t  
,135 f .007 inches. It should be noted t h a t  t h i s  head thick-  
ness  s p e c i f i c a t i o n  r e p r e s e n t s  a range of approximately 11%. 
Thus, by machining the  heads, t he  th ickness  v a r i a t i o n  was 
reduce6 from t h e  15% to le rance  t h a t  has  been experienced with 
hydroforming, to 11%. The machining process  thus  r e p r e s e n t s  a 
weight saving of 4% over hydroforming alone,  a l though it d id  
n o t  r e s u l t  i n  t he  weight saving a n t i c i p a t e d ,  All heads w e r e  
hydroformed ar?d machined to  t h e  above t o l e rances  (. l’he incoming 
inspec t ion  of each head included a th ickness  measurement procedure 
s i m i l a r  t o  t h a t  used on t h e  f i r s t  .two heads and descry led  above. 
The photograph o f  t h e  two hemisphere d e t a i l s  comprising each 
sphere i s  shown i n  Figure VI-3. 
. 
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W a l l  Thickness of Hemisphere 
P a r t  N o .  D104346, S e r i a l  N o .  1 
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Figure  V I - 2  
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Saturn S I V  B H e l i u m  Storage V e s s e l  
D e t a i l s  Ready for Welding 
Figure VI-3 
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C. F o r s i n s  and Machininq of Bosses 
Bosses and at tachments  welded i n t o  t h e  s h e l l  must be 
These heav ie r  machined f r o m  heavy s e c t i o n s  of m a t e r i a l ,  
s e c t i o n s  o r i g i n a t e  f r o m  t h e  same ingo t  a s  t h e  s h e e t  m a t e r i a l .  
The m a t e r i a l  from which t h e  bosses a r e  f a b r i c a t e d ,  t he re fo re ,  
has  undergone cons iderably  less r educ t ion  than  t h e  s h e e t  
m a t e r i a l ,  For t h i s  reason  some a t t e n t i o n  must be p a i d  t o  the  
o r i e n t a t i o n  of i n c l u s i o n s  i n  t h e  ma te r i a l .  A t  Arde, experience 
has  shown t h a t  when welding bosses  t o  t h e  s h e e t  which f o r m s  the 
vessel she l1 , the  m o s t  f avorable  cond i t ion  occurs  i f  t h e  
d i r e c t i o n  of boss inc lus ions  l i es  m o r e  or less p a r a l l e l  t o  t h e  
s h e l l  su r f ace  where the  weld i s  being qade, 
pancakes w e r e  made which, upon machining, would r e s u l t  i n  
approximately t h i s  w e l d  o r i e n t a t i o n .  
Forged b a r s  and 
A11 bosses  used on t h e  f i n a l  p roduct ion  type b o t t l e s  GTere 
f a b r i c a t e d  from h e a t  97102, 
pounds of t h e  ingo t  f r o m  h e a t  97107 was forged i n t o  two b a r s  each 
2 5/8" square by 51" long, and 17 pancake forg ings  each approxi- 
mately 7 inches i n  diameter and 3 inches th ick .  The b a r s  and 
pancake forg ings  w e r e  annealed, The b a r s  were then c u t  i n t o  
For t h i s  purpase approximately -1500 
3 inch  lengths .  Each p iece-was  then c u t  i n t o  t w o  sl ices 3" x 2 5/8 
x 1 5/16 and t h e  c l e v i s  bosses machined from. the  sl ices.  I n  t h i s  
manner the  proF'tr o r i e n t a t i o n  of t h e  inc lus ions  wi th  r e s p e c t  t o  
t h e  weld could be maintained, The i n l e t  bosses  xere machined 
f r o m  t h e  seven inch diameter pancake fo rg ings ,  
I n  t h e  case of  &hea t  50793, the  c l e v i s  bosses  w e r e  c u t  froT 
1 - 2 5  thick sheet b a r  whereas t h e  i n l e t  bosses  w e r e  f a b r i c a t e d  
from pancake forg ings  a s  were the  bosses  from Heat 97107 
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The f in i shed  bosses  w e r e  dimensionally inspected,  dye pene t r an t  
checked, x-rayed, c leaned and cold p ick led  p r i o r  t o  f i n a l  acceptance.  
. D. Weldina of the Helium V e s s e l  Assembly 
The cryogenic  s t r e t c h i n g  process  r e q u i r e s  a weld which 
w i l l  undergo p l a s t i c  deformation a t  -320F and w i l l  e x h i b i t  a 
s t r e n g t h  equivalent t o  t h a t  of the  p a r e n t  ma te r i a l .  I n v e s t i g a t i o n s  
have been made t o  determine weld parameters t h a t  a r e  reasonably 
independent of smal l  changes i n  p a r e n t  m a t e r i a l  composition, 
and t h a t  r e s u l t  i n  uniform r e l i a b l e  welds. Welds produced 
i n  a s i n g l e  pas s ,  r a t h e r  than mul t ip le  passes ,  have been found 
. . advantageous €or  s e v e r a l  reasons.  The s i n g l e  pas s  technique 
p reven t s  ca rb ide  p r e c i p i t a t i o n  immediately ad jacen t  t o  a weld 
bead. When a s i n g l e  p a s s  weld is made, ca rb ides  p r e c i p i t a t e  some 
d i s t a n c e  from t h e  fus ion  zone. These carbides can be r e a d i l y  
d i s so lved  upon subsequent amiealing, Xhen mul t ip l e  pas ses  a r e  
made, t h e  second p a s s  can cause p r e c i p i t a t i o n  of ca rb ides  c l o s e  
t o  the  weld pas s  below it. The g r a i n  boundaries or‘ t he  m a t e r i a l  
i n  which these ca rb ides  p r e c i p i t a t e  have been a f f e c t e d  by the 
f i r s t  pass .  Carbides i n  these  g r a i n  boundaries have been found 
very d i f f i c u l t  t o  d i s s o l v e ,  Such g r a i n  boundary ca rb ides  tend 
t o  reduce the toughness of the m a t e r i a l  a t  cryogenic  temperatures.  
A s i n g l e  p a s s  w e l d  a l s o  e l imina te s  t h e  occurrence of l ack  
of fus ion  between passes  which i s  f r equen t ly  experienced i n  multi-  
p a s s  welds. A l s o ,  a s i n g l e  pas s  w e l d  reduces t h e  amount of f i l l e r  
m a t e r i a l  introduced in.-to the  j o i n t . ’  
An a d d i t i o n a l  f a c t o r  i n  welding of the Ardeform m a t e r i a l  i s  
t h e  avoidance of small  micro crzc’ks which w i l l  open during stretch- 
ing. By removing all r e s t r a i n t s  dur’f.ng welding, such a s  back-up 
f i x t u r e s ,  a c r ack  free weld can be made. Thus, f o r  t he  Ardeform 
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process ,  a s i n g l e  p a s s  gas-backed 'weld i s  used. Unless ' s p e c i a l  
techniques a r e  used, i n  th icknesses  over , 1 2 5  inches,  t h e  weld 
bead may drop through j-f it i s  n o t  s.upporte3, 
Arde has  developed an approach which produces a 
h o r i z o n t a l  s i n g l e  p a s s  w e l d  made w i t h  a v e r t i c a l  to rch .  
is accomplished by means of a c l o s e l y  c o n t r o l l e d  p re s su r i zed  
gas  back-up t o  support  t h e  w e l d .  Thicknesses up t o  3 / 8 "  have 
been welded i n  t h i s  nanner using the  tungsten i n e r t  gas  (TIG) 
welding process .  The f i l l e r  w i r e  used i s  type 308L s t a i n l e s s  
This  
steel .  For these  v e s s e l s  helium to rch  gas ,  and argon gas  back-up 
w a s  used. N o  special w e l d  p repa ra t ion  or "V" j o i n t s  a r e  machined 
i n t o  the  componen-ts p r i o r  t o  welding. 
t h a t  a simple b u t t  j o i n t  r e s u l t s  i n  100% fus ion  and r e q u i r e s  a 
'Arde's experience has shown 
minimum of weld wire f i l l e r .  HOWevzr, g r e a t  csre is requi red  i n  
t h e  pre-held f i t t i n g  and alignment of parts, Closely spaced 
tack  w e l d s  a r e  r equ i r ed  t o  p reven t  t h e  misalignment of p a r t s  
during welding. 
p reven t  fo re ign  p a r t i c l e s  from contaminating t h e  welds. 
All weld su r faces  a r e  c a r e f u l l y  c leaned t o  
The welding sf the helium v e s s e l s  was done i n  three 
d i s t i n c t  s t eps .  
F i r s t ,  t h e  small  c l e v i s  bosses  w e r e  t ack  welded i n t o  
The i n l e t  boss opening and. the  bottom of the hemisphere p lace .  
w e r e  taped over and a q o n  was passed throu5j-h the i n s i d e  of  t he  
hemisphere while a f u l l  p e n e t r a t i o n  TLG weld was mad.e around each 
of t h e  c l e v i s  boss t o  head j o i n t .  'The l o c a t i o n s  a t  which the 
c l e v i s  bosses a r e  mounted an t h e  head makes necessary e l a b o r a t e  
* 
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f i x t u r e s  i f  machine w e l d s  
In s t ead ,  a simple hold ing  
used f o r  t h e  sma l l  c l e v i s  
used i n  making the  c lev is  
o f  the c l e v i s  bosses 
f i x t u r e  was made and 
bosses ,  P re s su r i zed  
boss we  Ids. 
w e r e  t o  be made. 
a hand weld was 
gas  back-up was 
A f t e r  completing the  c l e v i s  boss welds, t h e  l a r g e  i n l e t  
boss was f i t t e d  and t a c k  welded i n t o  p o s i t i o n .  The head was 
s e t  up on a r o t a t i n g  welding p o s i t i o n e r ,  p r e s s u r i z e d  argon gas  
was maintained i n  the  i n t e r i o r  of t h e  head, and a full p e n e t r a t i o n .  
T I G  machine weld was made along the  boss to  head j o i n t .  
The su r face  oxides  on the  boss w e l d s  weze removed with 
a f l a p  wheel. 
or c r e v i c e s  which might cause cor ros ion  or stress concent ra t ions ,  
t h e  boss welds w e r e  ground f l u s h  t o  t h e  p a r e n t  material..  This  
g r ind ing  was done on t h e  i n s i d e  head su r faces  oizly. The welds.  
w e r e  d i e  p e n e t r a n t  check on bo th  sides of t h e  head and inspected 
r ad iog raph ica l ly .  A f t e r  i n spec t ion  the alignment of  t h e  bosses 
was checked. The two ha lves  of t he  v e s s e l  j u s t  p r i o r  t o  t h e  
f i n a l  weld a r e  shown i n  Figure VI-4. The g i r t h  weld which j o i n s  
I n  o rde r  t o  e l imina te  th'e p o s s i b i i i t y  of notches 
t h e  t w o  hemispheres toge ther  was t h e  f i n a l  weld made on t h e  helium 
bottles. The two heads were thoroughly cleaned j u s t  p r i o r  t o  t h i s  
f i n a l  w e l d .  The heads w e r e  f i t t e d  and tack  welded toge ther .  The 
tack  welds w e r e  c leaned with a s t a i n l e s s  s tee l  w i r e  brush,  The 
t ack  welded assembly was se t  up on the  weld p o s i t i o n e r  and a f u l l  
p e n e t r a t i o n  T J G  weld-was made around the  v e s s e l  g i r t h .  Type 305 
s t a i n l e s s  s tee l  weld w i r e  was used a s  f i l l e r  m a t e r i a l .  Af t e r  
welding, ox'ides were removed from the  e x t e r i o r  su r faces  with a 
f l a p  wheel. Oxidation of the  i n t e r i o r  of the  v e s s e l  was prevented by 
the  p r e s s u r i z e d  argon gas  back-up, The weld was dye checked and 
X-rayed; and tIi2 preform was then checked dimensionally.  
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4 Saturn S I V  B H e l i u m  Storage Vessel 
Welded Subassembly 
Figure VI-4 
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. E. Annealinq 
I n  o rde r  t o  e l i m i n a t e  welding carb ides , .  and. t o  remove any 
thermal stress which may have been c r e a t e d  i n  t h e  v e s s e l  during 
welding, each v e s s e l  was s o l u t i o n  annealed a f t e r  welding. 
So lu t ion  anneal ing i s  c a r r i e d  o u t  a t  1950F. Contro l .of  t h e  
. ox ida t ion  of the  v e s s e l  su r f aces  is  t h e r e f o r e  requi red .  Inasmuch 
a s  a r a p i d  quench i n  co ld  water is r equ i r ed  t o  maintain ca rb ides  
i n  s o l u t i o n  wi th  t h i s  ma te r i a l ,  i n e r t  gas  or reducing gas  
. p r o t e c t i o n  i s  n o t  very f e a s i b l e .  This is because the  v e s s e l  
would have t o  be removed from any p r o t e c t i v e  atmosphere anyway 
f o r  access  t o  the quenching tanks,  By scrupulously c leaning  
t h e  v e s s e l  su r f aces ,  it i s  p o s s i b l e  t o  o 3 t a i n  a uniform s c a l e  
which i s  r e a d i l y  removable by pickling for s h o r t  t i m e s  when. 
v e s s e l s  a r e  annealed i n  a i r .  V e s s e l  i n t e r i o r s ,  however, may be 
protected from ox ida t ion .  
Each' vessel was c a r e f u l l y  c leaned i n  h o t  a l k a l i n e  de t e rgen t  
s o h t i o n  and thorouqhly r i n s e d  i n  demineralized water  p r i o r  t o  
anneal ing.  S t a i n l e s s  s tee l  tubes w e r e  then connected t o  the  
v e s s e l  i n t e r i o r  i n  such a way a s  t o  pe rmi t  the flow of  argon 
i n t o  and o u t  of t h e  v e s s e l .  Zengths of f l e x i b l e  tubing w e r e  
incorpora ted  between t h e  s t a i n l e s s  s tee l  t u b e s  and the  argon 
source.  The f l e x j b l e  l i n e s  allowed t h e  vessel to be maneuvered 
i n t o  and o u t  of  t h e  furnace while argon flow was maintained. A 
minimum of seven v e s s e l  volurnes of argon was flowed through t h e  
vessel be fo re  it was place2 in t h e  furnace.  The v e s s e l ,  i n  a 
s t a i n l e s s  s tee l  c r a d l e ,  was placed'  i n  t he  1950F furnace.  A f t e r  
f o r t y  minutes, t h e  v e s s e l  was reinoved from t h e  furnace and 
immediately plunged i n t o  a cater bath and covered with a water 
\ 
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spray ,  A s  w a s  s t a t e d  previous ly ,  t h e  r ap id  quench p reven t s  
t h e  formation of ca rb ides  by quick ly  cool ing  the  v e s s e l  through 
. t h e  ca rb ide  p r e c i p i t a t i o n  temperature range Argon gas purge 
was maintained throughout the anneal ing c y c l e ,  
of the  v e s s e l  was co ld  p i c k l e d  t o  remove anneal ing oxides .  
A s  a f i n a l  s t e p  each  v e s s e l  was dye p e n e t r a n t  inspec ted  
The exterior 
over i t s  e n t i r e  e x t e r i o r  sur face ,  and dimensional ly  inspec ted .  
F. Crvoqenic Forminq of the  Helium Vessels 
e 
The s t r e t c h  forming f a c i l i t y  c o n s i s t s  of t h e  s t r e t c h  p i t ,  
a c o n t r o l  room and a l i q u i d  n i t rogen  s to rage  and. pumping system. 
The p i t  is approximately 18 feet  deep by 8 f e e t  i n  diameter and 
accep t s  forming tanks  of var ious  s i z e s  which a r e  f i l l e d  with . 
1iqv.id n i t rogen  for  t h e  s t r e t c h  forming o p e r a t i o n ,  The size of  
t h e  forming tank which i s  used is d i c t a t e d  by t h e  v e s s e l  s i z e .  
Often, for c y l i n d r i c a l  v e s s e l s ,  t h e  vessel. is stretchec? i n t o  a 
forming d i e .  The d i e  l i m i t s  the  t o t a l  amount of p l a s t i c  deformation 
and c o n t r o l s  the final diameter o f  the v e s s e l ,  S ince  the  middle 
of c y l i n d r i c a l  v e s s e l s  s t r e t c h  more r e a d i l y  thafi t h e  ends,  a 
b a r r e l  shape r e s u l t s .  The d i e  permits t h e  forming of c y l i n d e r s  
of uniform diameters  , C l o s e  dimensional c o n t r o l  i s  achieved 
through the use of such dies, 
_ .  
Spher i ca l  d i e s  nay also be used i n  
the cryogefiic s t r e t c h  forn ing  05 v e s s e l s ,  S t r e t c h i n g  i n t o  a sphesi- 
c a l  d i e  could ensure c l o s e r  dimensional c o n t r o l  of the f i n a l  v e s s e l s .  
The v e s s e l s  f a b r i c a t e d  for t h i s  program, homver ,  w e r e  sub- 
j e c t e d  t o  a "free f o r m "  s t r e t c h .  Dimensional c o n t r o l  of a f r e e  
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f o r m  v e s s e l  i s  achieved through close inspec t ion  of t'ne preform 
vessel geometry, and thorough knowledge o f .  t h e  cryogenic  
behavior of t h e  m a t e r i a l  from which the  v e s s e l  i s  f a b r i c a t e d .  
Cryogenic behavior i s  determined by conversion of u n i a x i a l  
t e n s i l e  da ta  i n t o  b i a x i a l ,  sphere cryogenic  behavior ,  A 
s t r e t c h  forming ope ra t ion  proceeds a s  f o l l o w s :  
A forming tank is  f i l l e d  wi th  l i q u i d  n i t rogen  t o  the  
l e v e l  which covers  tke preform to be stretched.,  The preform 
i s  f i l l e d  wi th  l i q u i d  n i t rogen;  When the  preform i s  f u l l ,  
it i s  lowered t o  the  bottom of  t h e  forming tank.  
t i m e  the forming tank i s  topped off with  l i q u i d  n i t rogen  
A t  t h i s  
. 
so t h a t  t h e  l i q u i d  l e v e l  is  maintained above the v e s s e l .  
This i s  done to in su re  t h a t  bo i l -o f f  o f  l i q u i d  n i t rogen  
i n  the  forming tank  w i l l  not reduce the l i q u i d  l e v e l  during 
s t r e t c h i n g  and cause a f a i l u r e  due t o  inadequate r e f r i g e r a t i o n .  
The preform i s  then  connected t o  the  p r e s s u r i z a t i o n  source 
from t h e  control  room: A heavy steel b l a s t  mat i s  p laced  over 
the  e n t i r e  p i t  a s  a precaut ionary  measure. 
The f i n a l  phase o f  t he  operation is t h e  a c t u a l  pressur-  
i z a t i o n  of t h e  preform. Liquid n i t r o g e n - i s  pumped i n t o  the  
r e f r i g e r a t e d  preform u n t i l  the  predetermined p r e s s u r e  i s  
achieved. When t h i s  occurs  a v e n t  valve is opened and the  system 
is  r a p i d l y  bled down to atmospheric p re s su re ,  ending t h e  s t r e t c h .  
The p r e s s u r i z a t i o n  process i s  c o n t r o l l e d  from the  c o n t r o l  r o o m .  
The expanded preform i s  then removed frdm the forming tank.  
Figure 111-5 shows a c r y o s t r e t c h  f a c i l i t y  schematic. 
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Figure V I - 5  
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TABLE V I - 1  
NASA H e l i u m  B o t t l e s  
P/N D 3590 
P o s t f o r m  D i m e n s i o n s  of P r o d u c t i o n  Typ e V e s s e l s  
e 
V o l u m e  
Measure 
3 
1 
D i a .  H e i g h t  
S / N  Inches Inches i n  
22.875 24.730 6008 -0 3 
4 22,812 24.678 5994.8 
_ .  
6 22.825 24 , 698 5972 .O 
7 22.829 24.768 5974 . 1 
8 22,887 24 . '742 5973.8 
9 22.855 24.729 5973.2 
10 23.046 25.196 6161.0 
11 23.040 25.188 6168.0 
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A f t e r  each vessel was c ryogenica l ly  s t r e t c h e d  it was 
dye p e n e t r a n t  inspec ted  over i t s  e n t i r e  ou t s ide  s u r f a c e ,  Each 
v e s s e l  was then  dimensionally inspected,  irk luding volume 
measurement. Figure V I - 6  shows a vessel a f t e r  s t r e t c h i n g ,  while  
Table V I - 1  g i v e s  t h e  dimensions of t h e  s t r e t c h e d  v e s s e l s .  The 
vessels w e r e  c leaned and d r i e d  a f t e r  t h e  in spec t ion  was complete. 
G. F i n a l  Process inq  
1, Aqinq 
Af te r  each v e s s e l  had been cryogenica l ly  s t r e t c h  formed, 
inspec ted  and cleaned,  t h e  vessels w e r e  aged i n  a i r  a t  790F 
for twenty (20) hours .  I n  the  a i r  atmosphere of t h e  furnace a t  
790F, the s t a i n l e s s  s t ee l  ox id i zes  and becomes a w e r e d  wi th  a 
l i g h t  golden brown f i lm.  I n  o rde r  t o  minimize the oxida t ion  on 
t h e  i n s i d e  of the  v e s s e l ,  argon gas  i s  k e p t  flowing through 
t h e  v e s s e l s  during aging,  
A f t e r  aging w q s  complete, aging oxides  w e r e  removed frorn 
the ou t s ide  su r face  of t h e  v e s s e l  by vacu-blast ing,  I n  order  t o  
remove any oxides  which may have accumulated on t h e  i n s i d e  of t h e  
vessel during aging, t h e  vesse’l was p a r t i a l l y  f i l l e d  wi th  a 
s i l i c o n  ca rb ide  g r i t ,  set up on a r o t a t i n g  sp ind le ,  and slowly 
r o t a t e d .  A f i x t u r e ,  used t o  hold t h e  v e s s e l  f o r  t h i s  purpose, 
allowed the v e s s e l  t o  be r o t a t e 6  a t  var ious  angles  and thus  
polish t h e  e n t i r e  i n t e r i o r  su r f ace  with the  s i l i c o n  carb ide  g r i t .  
The v e s s e l  boss-was  n o t  used a s  a suppor t  dur ing  g r i t  scrubbing,  
Figure Vf-7 shows a vessel during the  g r i t  scrub opera t ion .  After  
a l l  aging oxides  w e r e  removed each v e s s e l  was thoroughly cleaned 
on t h e  i n s i d e  and o u t s i d e  and pass iva t ed .  
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Saturn  S I V  B H e l i u m  Storage V e s s e l  
A f t e r  Cryogenic S t r e t c h  Forming 
Figure  VI-6  
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Saturn S IV B Helium Storage Vessel 
During Grit Scrub 
Figure VI-7 
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2 .  F i n a l  Tes t inq ,  Processinq.and Acceptance 
I n  o rde r  t o  h y d r o t e s t  a f i n i s h e d  v e s s e l ,  it was placed 
i n  a c r a d l e  and f i l l e d  wi th  demineralized water.  The v e s s e l  
w a s  then connected t o  a h igh  pressure  pump’and p res su r i zed  t o  
3500 p s i g  (proof pressure)  a t  room temperature. A t  3500 p s i g  
. the pump was stopped and v e s s e l  p ressure  was h e l d  f o r  one minute. 
I f  t h e  v e s s e l  leaked a t  proof pressure ,  the pressure  gage would 
drop. N o  drop i n  p re s su re  w a s  noted on any of t h e  v e s s e l s .  The 
p res su re  was r e l eased  and t h e  v e s s e l  emptied. Each v e s s e l  was 
d r i e d  on t h e  i n s i d e  us ing  an a lcohol  r i n s e  and d r y  n i t r o g e n  gas .  
A l l  v e s s e l s  which w e r e  f a b r i c a t e d  from Hpat 97107 were 
shippeda t o  Ogden T e s t  Laboratory on Long I s l and ,  N.Y.  f o r  helium 
leak  de tec t ion .  The helium leak  t e s t  was conducted p e r  Arde 
S p e c i f i c a t i o n  AES 454, Method I1 (App. D). Each v e s s e l  was pres-  
su r i zed  wi th  helium gas t o  2100 p s i g  a t  room temperature dur ing  . 
l eak  t e s t i n g .  The v e s s e l s  w e r e  cycled t w i c e  t o  2100 ps ig ,  On 
t h e  second cyc le  t h e  pressure  was h e l d  a t  2100 p s i g  f o r  two minutes 
and the  helium d e t e c t o r  was appl ied .  
r a t e  less than 1 x cc/second. A copy of  Ogden T e s t  
Laboratory r e p o r t  p e r t a i n i n g  t o  the  above t e s t i n g  w i l l  be found 
i n  Appendix ( E ) .  
A l l  v e s s e l s  showed a leakage . 
After  t e s t i n g ,  t h e  i n l e t  boss was f i n a l  machined t o  
b l u e p r i n t  dimensions. F i n a l l y ,  each v e s s e l  produced, was 
dimensional ly  and r ad iog raph ica l ly  inspected,  weighed, cleaned 
* and pass iva ted .  The i n t e r i o r  of each v e s s e l  was purged w i k h  d ry  
n i t rogen  gas  and placed i n  a p l a s t i c  bag, which was also purged 
wi th  n i t rogen  g a s ,  and h e a t  sealed.  Thus, each v e s s e l  w a s  
p ro i ec t ed  from t h e  moisture  and and contaminants of t h e  atmosphere. 
Figure V I - 8  shows a v e s s e l  ready f o r  bagging. 
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Saturn S I V  B H e l i u m  Storage V e s s e l  
R e a d y  for D e l i v e r y  
i . 
Saturn S I V  B H e 1  um Storage V e s s e l  
Close up V i e w  of Final  Machined Boss 
E, Fabr i ca t ion  Resu l t s  
A t o t a l  of twelve ( 1 2 )  preforms w e r e  f a b r i c a t e d  and ass igned  
s e r i a l  numbers f r o m  1 through 12. 
The f i r s t  preform, S e r i a l  #1, was s u c c e s s f u l l y  s t r e t c h e d  i n  
the  s t r e t c h  p i t  t o  5100 p s i .  This v e s s e l  was f a b r i c a t e d  from 
Heat 970 58. 
- 
V e s s e l ,  S e r i a l  #2, was then s t r e t c h e d  and b u r s t  i n  t h e  p i t  
dur ing  t h e  s t r e t c h  forming opera t ion  a t  a p re s su re  o f  5150 psi .  
F a i l u r e  a n a l y s i s  showed t h a t  s t r e t c h  p i t  f a i l u r e  r e s u l t e d  from 
presence of exogenous laminar i nc lus ions  which had been passed 
over by t h e  w e l d ,  Fur ther  d e t a i l s  o f  f a i l u r e  a n a l y s i s  may be 
found i n  Sec t ion  V I I .  Because of t h e  f a i l u r e  o f  S e r i a l  $2, 
v e s s e l  S e r i a l  $$1 was aged a t  800F and tested a t  -320F t o  b u r s t ,  
The b u r s t  t e s t  of S e r i a l  #1 ind ica ted  s a t i s f a c t o r y  s t r e n g t h  a t  
-320F. Xevertheless ,  because of t h e  f a i l u r e  of  v e s s e l  S e r i a l  #2 
due t o  presence of l a r g e  s l a g  inc lus ions ,  Heat 97058 was rejested. 
A l l  t h e  remaining vesse ls , f rom Heat 97107 Ser ia l  # 3 
t'nrough #9 w e r e  f a b r i c a t e d  and stretched s u c c e s s f u l l y  
except f o r  S e r i a l  #S which b u r s t  a t  z s t r e t c h  p res su re  o f  5800 p s i .  
S e r i a l  #5 showed, upon examination, a t h i n  reg ion  i n  t h e  v i c i n i t y  
of t h e  boss  which had apparent ly  been excess ive ly  machined, The 
s t r e t c h  p i t  f a i l u r e  of t h i s  ves se l ,  then, was n o t  due t o  the  same 
cause a s  t h a t  noted i n  V e s s e l  S e r i a l  $2. (A photograph of V e s s e l  
S e r i a l  #5 is shown i n  Figure VI-9. The arrow i n  t h e  upper photo 
p i n  p o i n t s  f a i l u r e  o r i g i n ) .  The remaining s i x  (6) v e s s e l s  were 
then r ad log raph ica l ly  inspec ted  a f t e r  the  s t r e t c h  fomting ope ra t ion ,  
The X-Rays ' E r o m  two of these  v e s s e l s  showed the presence of h a i r  
l i n e  c racks  i n  t h e  welds, Vessel S/N 3 had a s i n g i e  c rack  i n d i c a t i o n  
I 
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v B ~ e l i w n  Sto rage  V e s s e l  S/N' 5 
g e n i c  Stretch P i t  ( F a i l u r e  
Figure  V I - 9  
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and v e s s e l  S / N  7 had t w o  such i n d i c a t i o n s .  A s  a r e s u l t ,  t h e s e  
two v e s s e l s  w e r e  r e j e c t e d .  The four  remaining v e s s e l s ,  S/t? 4,  
6 ,  8 and 9 passed rad iographic  inspec t ion  and a r e  considered 
acceptab le  f o r  s e r v i c e  a t  -423F. 
The na tu re  o f  t h e  c rack- l ike  i n d i c a t i o n s  on t h e  two- 
r e j e c t e d  v e s s e l s ,  w h i c h  w e r e  no t  shipped t o  NASA, was . the  
subject of a subsequent i n v e s t i g a t i o n  descr ibed  i n  d e t a i l  elsewhere 
i n  t h i s  r e p o r t .  
Three (3) preforms S/N 10 through 1 2  from Heat 50793 
w e r e  processed of  which two ( 2 )  S/N 10 and 11 were-subsequent ly  
de l ive red  t o  NASA. The S/N-12 a n i t  was processed up t o  t h e  
p o i n t  of  cryogenic s t r e t c h i n g  and then terminated s i n c e  only  two 
( 2 )  of t h r e e  ( 3 )  v e s s e l s  processed w e r e  requi red .  
I n  summary, s i x  v e s s e l s ,  f r e e  from d a g  inc lus ions  d e t e c t a b l e  
by t h e  u l t r a s o n i c  in spec t ion  technique and f r e e  from cracks 
d e t e c t a b l e  by - rad iog raph ic  inspec t ion  have been shipped t o  NASA. 
. 
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VI1 EFFECT OF INCLUSIONS ON STRETCHING OF PREFORMS 
A. Backqround 
During the hydroforming of hemispheres using s h e e t  r o l l e d  
from h e a t  97058, s e v e r a l  d e f e c t s  w e r e  noted on t h e  su r face  of  
t he  p a r t s ,  These were i n i t i a l l y  diagnosed a s  l a p s  caused by 
improper s h e e t  r o l l i n g .  I n  order t o  prepare  s a t i s f a c t o r y  heads, 
t h e  1 , D .  su r f aces  w e r e  ground where these  l a p s  occurred. I n  
add i t ion ,  a l l  f i n i s h e d  hemispheres w e r e  u l t r a s o n i c a l l y  checked, 
us ing  a 1/2" diameter  t ransducer ,  and a g a i n  l e v e l  based on a 
s tandard  3/64" diameter f l a t  bottom hole. No d e f e c t s  w e r e  .found 
by t h i s  technique. Two sphere preforms, S/N 1 and S/N 2 w e r e  then  
f a b r i c a t e d  from h e a t  97058, The f i r s t  v e s s e l ,  S/W 1, was success- 
f u l l y  s t r e t c h e d  a t  -320F t o  a s t r e t c h  p res su re  of 5100 p s i .  
second v e s s e l  S/N 2 f a i l e d ,  however, dur ing  s t r e t c h  a t  a p re s su re  
of 5150 p s i .  Deta i led  examination of t h i s  v e s s e l  i nd ica t ed  t h a t  . . 
d 
i 
The 
i n c l u s i o n s  w e r e  the cause of t h e  f a i l u r e .  A s  a r e s u l t  of t h i s  
examination, h e a t  97058 was r e j e c t e d  and the' v e s s e l s  d e l i v e r a b l e  
under t h i s  c o n t r a c t  w e r e  f a b r i c a t e d  i n s t e a d  from a second h e a t ,  
97107. k r d e ' s  i n spec t ion  techniques e s t a b l i s h e d  t h a t  four  v e s s e l s  
f a b r i c a t e d  from h e a t  97107 and de l ive red  to NASA, w e r e  free f r o m  
d e f e c t s  which would be de t r imen ta l  t o  t h e i r  performance a t  -423F. 
A d e t a i l e d  d i scuss ion  of the  f a i l u r e  a n a l y s i s  o f  t he  vessels f r o m  
t h e  r e j e c t e d  h e a t  and a d e s c r i p t i o n  of Arde's i n spec t ion  s t e p s  f o r  
i n su r ing  t h e  r e l i a b i l i t y  of the  de l ive red  v e s s e l s ,  fol laws.  
E. Analysis of Burs t  V e s s e l  
The f r a c t u r e  p a t h  on vessel. S /N  Z followed around the  g i r t h  
weld near  t he  weld base metal  i n t e r f a c e .  The f r a c t u r e  o r i g i n  was 
loca ted  by means of  the  f r a c t u r e  appearance. A t  t h e  o r i g i n ,  a 
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c r e s c e n t  shaped a rea  could be d i s t ingu i shed  on t h e  f r a c t u r e  face.  
Examination o f  t h i s  a r ea  a t  30X showed t h r e e  susp ic ious  f e a t u r e s :  
1, An apparent  "spl i t" ,  laminar i n  n a t u r e  which 
seemed t o  p e n e t r a t e  i n t o  t h e  base  metal .  
2. A g reen i sh  co lored  p r o t r u s i o n  which matched a hole  
of t h e  same color on the  mating f r a c t u r e  face .  
3 .  Grainy a r e a  which showed b lack  under one d i r e c t i o n  
of i l l umina t ion ,  and spark led  wi th  apparent  f a c e t s  
under other d i r e c t i o n s  of i l l umina t ion ,  
Microsect ion revea led  t h a t  t h e  cause of f a i l u r e  was a 
laminar s l a g  inc lus ion  which extended f o r  a t  l e a s t  .I80 inches i n  
length  from t h e  f r a c t u r e  edge i n t o  the b?se metal .  This  was shown 
by sec t ion ing  through the laminar s p l i t  seen on the  f r a c t u r e  f ace .  
Sec t ions  near  t h e  green p r o t r u s i o n  demonstrated a cons iderable  amount 
of non-metall ic m a t e r i a l  ar-d crack-l ike voids  i n  t h e  weld i t s e l f ,  
N o  a d d i t i o n a l  information was e l i c i t e d  from sec t ion ing  
t h e  f ace t ed  a r e a s  and t h i s  section w a s  t h e r e f o r e  n o t  pursued 
f u r t h e r  than a few polishes which revea led  nothing. It  i s  con- 
cluded t h a t  t h e  " f a c e t s "  w e r e  probably burnished meta l  caused 
by rubbing o f  the mating f r a c t u r e  f aces  a t  t h a t  l o c a t i o n ,  
A series o f  overiapping micro photographs were made t o  
show the  e x t e n t  of the  laminar i nc lus ion  (see Figzre VZX-1) . 
The reg ion  i n  t h e  w e l d  ad j acen t  t o  t h e  green p r o t r u s i o n  Fsshown 
i n  Figure VII-2a. Figure V I I - 2 b  shows t h e  laminar i nc lus ion  i n  
r e l a t i o n  t o  t h e  weld meta l  afid i n  r e l a t i o n  t o  the  base  metal  
su r f aces ;  The laminar i nc lus ion  iqas l oca t ed  approximately .006 
8 
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inches from the I,D. 
of the  t h i c k e s t  p a r t  
inches 
The l o c a t i o n  
su r face  of t h e  hemisphere. The th ickness  
of t h e  inc lus ion  i s  approximately ,0005 
o f  t h e  d e f e c t s  i n  the weld metal ,  ad j acen t  
to t h e  green p r o t r u s i o n ,  i s  shown by Figure VII-3a. A high 
magni f ica t ion  view of non-metall ic m a t e r i a l  i n  t h e  laminar in- 
c lusior .  i s  shown i n  Figure V L I - 3 b .  
It i s  i n t e r e s t i n g  t o  no.te i n  Figure V I I - 2 5  t h a t  t h e  edge 
of the weld d i d  n o t  appear t o  d i s t u r b  t h e  inc lus ions .  
it i s  suspected t h a t  t h e  inc lus ions  i n  P igu re  VII-2a were washed 
vlp by the weld f r o m  the laminar i nc lus ion  s k i o w i  i n  Figure V I I - 1 .  
F igure VII-210 i s  on the  opposi te  s i d e  of t h e  f r a c t u r e  f ace  from 
Figure VII-3a. The s e c t i o n  i n  Fiqure VII-3a was taken about 
However, 
1/4 inch .in the  d i r e c t i o n  of welding f r o m  the s e c t i o n  i n  Figure 
VI I - 2 b  (. 
\ 
It was concluded f r o m  these  observatioris t h a t  t h e  pre- 
mature stretdi  p i t  f a i l u r e  of S I N  2 r e s u l t e d  from t h e  i n t e r -  
a c t i o n  of a l a r g e  laminar i nc lus ion  i n  the base metal  wi th  the 
weld, As was p rev ious ly -no ted ,  l a p s  had been observed during t h e  
hydroforming of hemispheres made f r o m  t h i s  same h e a t  of ma te r i a l .  
Sec t ion ing  of one of  t h e s e  l a p s  showed t h e  s a ~ e  t'ype of fartiinar 
i nc lus ion ,  
Routine microsec t ions  dur ing  incpming z a t e r i a l  i n spec t ion  
had n o t  de t ec t ed  t h i s  type of s l a g  incl i ls ion.  Since t h e  
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t o  
d i s t r i b u t i o n  o f  t h e s e  m a t e r i a l  d e f e c t s  i s  q u i t e  spa r se ,  t h e  
l i k e l i h o o d  of d e t e c t i o n  by microsect ion of sample s h e e t  i s  
l imi t ed .  The laminar na tu re  of these  inc lus ions ,  and t h e  f a c t  
t h a t  they a r e  so t h i n  makes them undetec tab le  by rad iographic  
inspec t ion .  
s t r e t c h e d  al though it had been made f r o m  t h i s  same h e a t .  I t  
was suspected from t h e  f a i l u r e  a n a l y s i s  of S/N 2 sphere t h a t  
s o m e  of  t hese  inc lus ions  might e x i s t  i n  t h e  s u c c e s s f u l l y  
s t r e t c h e d  sphere,  b u t  had n o t  been encountered by t h e  welding. 
Sphew S/N 1 was, t he re fo re ,  aged and d e l i b e r a t e l y  b u r s t  ces ted  
a t  -320F t o  determine i f  t h e  s l a g  inc lus ion  d id ,  indeed, e x i s t  
i n  the s u c c e s s f u l l y  s t r e t c h e d  sphere;  or a t  l e a s t  i f  any 
d e l e t e r i o u s  e f fec t  could be observed i n  t h e  mechanical p r o p e r t i e s  
Sphere S/N 1 had a l r eady  been s u c c e s s f u l l y  
of a completed, s u c c e s s f u l l y  s t r e t c h e d  sphere . 
_ -  C. Analysis of Sphere S/N 1- Burs t  Tested a t  ‘-32GF 
NASA helium sphere,  P a r t  No, D3590, S/N I, w a s  t e s t e d  a t  -320F 
a f t e r  s t r e t c h i n g  and aging. 
r e p r e s e n t s  a stress l e v e l  of approximately 325 k s i .  The b u r s t  
The sphere b u r s t  a t  6250 p s i ,  which 
stress was s a t i s f a c t o r y  f o r  t h i s  v e s s e l ,  However, s i n c e  o the r  
v e s s e l s  f a b r i c a t e d  from t h i s  h e a t  exh ib i t ed  laminar inc lus ions ,  
t h e  vessel w a s  examined to e s t a b l i s h  i f  t he  f r a c t u r e  p a t h . p a s s e d  
through such a d e f e c t ,  N o  evidence of such a d e f e c t  was noted 
a t  t he  f r a c t u r e  o r i g i n .  The o r i g i n  showed no s i g n . 0 2  b r i t t l e  
f a i l u r e ,  and f r a c t u r e  was simply due t o  exceeding t h e  s t r e n g t h  
of the  m a t e r i a l .  
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Examination of t h e  f r a c t u r e  f a c e  showed a r e g i o n  some 
s i x  inches  f r o m  t h e  f r a c t u r e  o r i g i n  which e x h i b i t e d  laminar 
s p l i t t i n g ,  
shown a t  2% i n  F igure  VII-4a 
A v i e w  of one of a s e c t i o n  i n  th i s  r e g i o n ’ i s  
( s e c t i o n  made pe rpend icu la r  t o  
the f r a c t u r e  edge) showed t h r e e  s u s p i c i o u s  i n d i c a t i o n s :  
I, A l a r g e  t r i a n g u l a r  ho le .  
2 ,  A d iagona l  c r ack  which, a l though n o t  unusual  near  
a f r a c t u r e  edge, appears  t o  c o n t a i n  noh-metal l ic  
ma te r i a  1, 
3.  A laminar i n c l u s i o n  about  .010” long, s i m i l a r  to 
t h a t  observed i n  vessel SIN 2. F igure  VII-4b shows 
the laminar i n c l u s i o n  a t  a magn i f i ca t ion  of  108X. 
Figure  VII-5a shows a t r i a n g u l a r  h o l e  a t  2 O O X .  It 
should be noted t h a t  t h e  h o l e  appears  c l e a n  and 
probably  i s  a r e s u l t  of rna te r ia . l -pu l led  o u t  dur ing  
f r a c t u r e ,  T h i s  so r t  of t h i n g  i s  n o t  unusual near  a 
f r a c t u r e  edge. 
. 
Figures  VII-5b, V I I - G a ,  and VII-6b show a view o f  the 
d iagona l  crack.  It  appears  t o  be a s s o c i a t e d  wi th  non-metal l ic  
m a t e r i a l ,  Although the presence of  a c r a c k  i s  n o t  unusual  near  
a f r a c t u r e ,  t h e  non-metall ic m a t e r i a l  a s s o c i a t e d  wi th  t h e  c rack  a r e  
unusual ,  It wa s n o t  d e f i n i t e l y  e s t a b l i s h e d  by t h e  inve stiqa tion 
whether the m a t e r i a l  i n  the d iagona l  c r ack  was a c t u a l l y  non- 
m e t a l l i c  i n c l u s i o n s ,  T’ne m a t e r i a l  .in the d iagonal  c r ack  may have 
been a r t i f a c t s  from t h e  p o l i s h i n g  o p e r a t i o n  dur ing  mount p r e p a r a t i o n .  
The laminar s l a g  i n c l u s i o n  i n  F igure  VII-4b, hovever, is  d e f i n i t e l y  
n o t  an a r t i f a c t .  
. 
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Saturn S I V  B Helium 
Storage V e s s e l  S/N 1 
Overall V i e w  of Section 
Perpendicular to Fracture . 
Edge 
2% Unetched ’ 
Saturn S I V  B Helium 
Storage V e s s e l  s/N 1 
Laminar Inc l u s  ion i n  Sect ion 
Perpendicular to Fracture 
Edge. Near I . D .  
lOOX Unetched 
Figure VII-4 
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Saturn S I V  B Helium 
Storage V e s s e l  S/N 1 
Triangular H o l e  i n  Sect ion 
Perpendicular to Fracture 
Edge, Near O.D.  
200x Une tched 
Saturn S I V  B Helium 
Storage V e s s e l  S/N 1 
Diagonal Crack Showing 
Non-Metallic Inclusions 
i n  Section Perpendicular 
to Fracture Edge 
500X Une tched 
Figure VII-5 
Saturn S I V  B H e l i u m  
Storage V e s s e l  S/N 1 
Diagonal Crack Showing Non- 
M e  ta  l l i c  Inc lus  ions i n  
Section Perpendicular to  
Fracture Edge 
looox Une tched 
Saturn S I V  B H e l i u m  
Storage V e s s e l  S/N 1 
Diagonal Crack showing Non- 
Metal l ic  Inclusions i n  
Sect ion Perpendicular to 
Fracture Edge 
looox Une tched 
Figure VII-6 
Severa l  conclusions could be drawn f r o m  t h e  r e s u l t s  
observed wi th  t h e  t w o  spheres ,  S/N 1 and S/N 2. These w e r e  
as follows: 
1) The laminar s l a g  i n c l u s i o n s  caused f a i l u r e  during 
s t r e t c h  forming where a weld passed over them. 
2) The s l a g  i n c l u s i o n  noted i n  t h e  base  mega1 o f  a 
success fu l ly  s t r e t c h e d  and aged sphere d i d  n o t  a f f e c t  per- 
formance a t  -320F. 
. 3) The s l a g  i n c l u s i o n  noted i n  sphere S / N  2 ,  which 
b u r s t  dur ing  cryogenic s t r e t c h  forming w a s  n o t  a s i n g u l a r  
occurrence b u t  probably e x i s t e d  i n  any ,of  t he  hemispheres i n  
which t h e  prev ious ly  descr ibed  su r face  l a p s  w e r e  observed 
during hydroforming. The e n t i r e  h e a t  97058, t he re fo re ,  was 
suspec t .  
4) The cryogenic  s t r e t c h  forming process  was apparent ly  
capable  of self inspec t ion ;  t h a t  is ,  v e s s e l s  i n  which a weld 
passed over  an inc lus ion  would f a i l  i n  t h e  cryogenic  s t r e t c h  
opera t ion ,  thus  weeding o u t  nost u n r e l i a b l e  v e s s e l s ,  I f  they 
d i d  n o t  f a i l  dur ing s t r e t c h ,  a t  l e a s t  those  d e f e c t s  which w e r e  
p r e s e n t  would en la rge  arid be d e t e c t a b l e  by rad iographic  in spec t ion ,  
5) A t e s t  of a completed v e s s e l  a t  -320F ind ica t ed  no 
d e l e t e r i o u s  e f f e c t  of i n c l u s i o n s  i n  t h e  base metal .  
I t  was decided t h a t  for  u t ims t  r e l i a b i l i t y  h e a t  -97058 
should be discarded  and an  in spec t ion  method m r k e d  out, which 
would d e t e c t  these d e f e c t s  i f  they e x i s t e d  i n  another  h e a t  which 
was a v a i l a b l e .  8 
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D, Methods for  Detec t ion  of S l a s  Inc lus ions  
I n  o rde r  t o  d e t e c t  t h e  type of t h i n  laminar i nc lus ion  
observed i n  t h e  t w o  v e s s e l s  f a b r i c a t e d  from h e a t  97058,- 
it was f e l t  t h a t  a s u i t a b l e  u l t r a s o n i c  in spec t ion  technique 
would have to be evolved. Arrangements were made with Magna- 
f lux  C o r p . ,  Ma te r i a l s  T e s t i n g  Laboratory t o  conduct t h e  necessary 
experiments,  The o b j e c t i v e  of the experiments was t o  d e t e c t  
. . d e f e c t s  which could be v e r i f i e d  by metal lographic  sec t ion ing .  
E a r l i e r  u l t r a s o n i c  inspec t ion  of the  hemispheres which con- 
s t i t u t e d  S/N 1 and S / N  2 spheres,  had been made with a 1/2" 
diameter t ransducer .  This  i n spec t ion  (letected no d e f e c t s  where 
it w a s  d e f i n i t e l y  shown a f t e r  f a i l u r e  t h a t  d e f e c t s  d i d  e x i s t .  
However, through t h e  use of a focusing beam t ransducer ,  which 
covers  an a rea  about  1/8" i n  diameter,  i n d i c a t i o n s  w e r e  noted 
on some o f  t he  suspec t  hemispheres, 
i n d i c a t i o n  v e r i f i e d  t h a t  a laminar i nc lus ion  d i d  i n  f a c t  e x i s t  
Sec t ion ing  of a h e a t  a t  an 
a t  t h e  l o c a t i o n  de tec t ed  by the  t ransducer ,  , 
The heads w e r e  immersed i n  water f o r  t ransmission of the  
u l t r a s o n i c  v i b r a t i o n  f r o m  the  t r ansduce r  t o  t h e  p a r t s .  Because 
of the  p a r t  shape, t h e  t ransducer  was manually t r ave r sed  over 
t he  srzrface of t h e  hemisphere r a t h e r  thain au tomat ica l ly  t r ave r sed .  
The o sc i l l o scope  g a i n  was set  t o  g ive  85% s a t u r a t i o n  for the 
s tandard  which was aga in  a 3/64" diameter f l a t  bottomed hole .  
A l l  i n d i c a t i o n s  of any app l i cab le  l e v e l  above background w e r e  
r epor t ed .  It is  i n t e r e s t i n g  t o  note  t k ? t  no m o r e  than  one o r  two 
i n d i c a t i o n s  were noted on any head made f r o m  h e a t  97058. This  
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explained why it was u n l i k e l y  t h a t  such defects could be de tec t ed  
by microsec t ion ing  of  incoming s h e e t  m a t e r i a l .  A s  was p rev ious ly  
s t a t e d ,  t h e  th i ckness  of t h e  laminar i nc lus ions  was small .  This  
made them undetec tab le  by radiographic  techniques 
A s  a r e s u l t  of t h i s  work, Arde is  r e v i s i n g  t h e i r  m a t e r i a l  
acceptance s p e c i f i c a t i o n s  i n  order  t o  avoid  m a t e r i a l  of t h i s  
na tu re  i n  t h e  f u t u r e .  The new s p e c i f i c a t i o n s  w i l l  c a l l  f o r  
sampling in spec t ion  of each ba tch  of s h e e t  s tock  by means of  t h e  
u l t r a s o n i c  technique used on t h e  hemispheres descr ibed  above, 
For s h e e t  m a t e r i a l ,  automatic inspec t ion  can be u t i l i z e d .  The 
t r ans&cer  i s  au tomat ica l ly  t r ave r sed  over  t h e  e n t i r e  s h e e t  with 
Overlapping of each pass  A permanent i n spec t ion  record  i s  a l s o  
obtained a s  t h e  instrument  ou tpu t  is recorded. Arde's p r e s e n t  
s p e c i f i c a t i o n  c a l l s  f o r  radiographic  sampling in spec t ion  of in- 
corning ba tches  of s h e e t ,  However, t he  experience r epor t ed  here ,  
'wi th  t h e  laminar s l a g  inc lus ion  i n d i c a t e s  t h a t  rad iographic  
in spec t ion  i s  n o t  s a t i s f a c t o r y  f o r  t h i s  type. of defec t .  
E .  JnsPectioi? of Del iverable  Vessels 
Using the  u l t r a s o n i c  focusing beam t ransducer  i n spec t ion  
technique, heads formed from another  h e a t ,  97507, w e r e  scanned 
and found t o  be feee  f r o m  t h i s  type of defect, These hemispheres 
w e r e  used i n  f a b r i c a t i n g  t h e  spheres  d e l i v e r a b l e  under t h e  con- 
t r a c t .  A f t e r  f a b r i c a t i n g  preforms from these heads, t he  s t r e t c h  
forrfiing process  ac t ed  a s  a se l f - in s2ec t ion  techfikque, assurinc; 
t h a t  no defects of a s i z e  s u f f i c i e n t  t o  cause b u r s t i n g  i n  the  
s t r e t c h  p i t  were p r e s e n t .  F ina l ly ,  a r ' t e r  s t r e t c h i n g ,  and heli-am 
leak  t e s t i n g  under p re s su re ,  an a d d i t i o n a l  rad iographic  in spec t ion  
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was performed. The four  v e s s e l s  w h i c h  w e r e  de l ive red  w e r e  found 
t o  be free of d e f e c t s  a t  a l l  s t a g e s  of t h e  in spec t ion  indicated.  
above. Two a d d i t i o n a l  v e s s e l s  made f r o m  h e a t  97107, however, d i d  
e x h i b i t  c r e s c e n t  shaped ind ica t ions  upon f i n a l  rad iographic  in spec t ion  
and w e r e  accordingly r e j e c t e d  and n o t  shipped t o  NASA. Thus, i n  
summary, t he  four  v e s s e l s  from Heat 97107 which w e r e  de l ive red ,  were 
considered free from defects w h i c h  can d e t e r i o r a t e  their  performance 
a t  -423F. 
F. & k t a l l o s r a p h i c  Examination of X-Ray Detected l?eld Defects  - 
Two v e s s e l s  S/N 3 and S/N 7 f a b r i c a t e d  f r o m  Heat 97107 were 
success fu l ly  s t r e t c h e d  b u t  w e r e  neve r the l e s s  r e j e c t e d  on t h e  b a s i s  
of w e l d  d e f e c t s  de t ec t ed  by radiographic  inspect ion.  The X-ray 
photographs showed c r e s c e n t  shaped d e f e c t s  i n  the  c e n t e r  of t h e  
g i r t h  weld a f t e r  cryoforming, These d e f e c t s  w e r e  n o t  d e t e c t a b l e  
p r i o r  t o  s t r e t c h i n g .  I n  order  t o  determine the na tu re  of  t hese  
de fec t s ,  a p i e c e  of t h e  weld from sphere S /N 3 was c u t  o u t  and a 
metal lographic  s e c t i o n  made. Examination und.er t h e  micrascope 
revealed no so l id  non-metallic inc lus ions ,  b u t  shared gas  pockets.  
These voids  a r e  shown i n  Figure V I I - 7 .  
d e f e c t s  and those seen i n  S/N 2 (Figure VII-2a) i s  s t r i k i n g .  
However, none of the  hard p a r t i c l e s  seen i n  S/N 2 (Figure VII-2a) 
w e r e  noted. I n  add i t ion ,  f u r t h e r  s ec t ion ing  along t h e  weld i n  the  
v i c i n i t y  of t h s  d e f e c t  i n  S/K 3 d id  n o t  show d i r e c t  eviderxe of the  
The . s i m i l a r i t y  between these  
laminar i nc lus ion  seen i n  S/N 2 (Figure V I I - 2 b ) .  The d e f e c t  i n  the  
S / M  3 weld, i n  conclusion, i s  gas  p o r o s i t y ,  The source of t h e  d e f e c t  
could n o t  be determined, however. It i s  p o s s i b l e  t h a t  such a d e f e c t  
could occur i f  a small  s l a g  inc lus ion  were encountered by the  we ld .  
However, weld p0rosi-Q can a l s o  be caused by any number of o t h e r  
f a c t o r s  un re l a t ed  to t h e  laminar s l a g  inc lus ions  noted on t h e  
previous.  vessels. * n e  d.efect, f o r t u n a t e l y ,  w a s  r e a d i l y  d e t e c t i b l e  
by rad iographic  in spec t ion  a f t e r  cryoforming. 
6% 
Saturn S I V  B Helium Storage 
Vessel. 
Section of Weld from S/N 3 
15OX Unetched 
Figure V I I - 7  
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VI11 MATERIAL PROPERTIES 
A. Mechanical T e s t  Procedures 
1, Descr ip t ion  of Mechanical Tests 
The u n i a x i a l  s t r e s s - s t r a i n  curve a t  -320F is  important 
i n  p r e d i c t i n g  t h e  behavior  of preforms f a b r i c a t e d  frorn a 
p a r t i c u l a r  h e a t  of m a t e r i a l  during cryogenic s t r e t c h  forming, 
I n  addi t ion ,  t h e  -320F s t r e s s - s t r a i n  curve i s  used t o  eva lua te  
t h e  a c c e p t a b i l i t y  of  a pa r t i cu l . a r  h e a t  by i n d i c a t i n g  any 
depa r tu re s  from normal behavior i n  t h i s  respect, Therefore ,  
s t r e s s - s t r a i n  curves  a t  -32QF w e r e  generated for each o f  t he  
h e a t s  a v a i l a b l e  f o r  t h i s  program, 
I n  a d d i t i o n  t o  t h e  u n i a x i a l  s t r e s s - s t r a i n  curves  a t  
-320F, mechanical t e s t i n g  was conducted t o  e s t a b l i s h  the  
s t r e n g t h  o f  t h e  m a t e r i a l s  a f t e r  s t r e t c h i n g  'and aging, During 
t h e  cryogenic s t r e t c h  ..forming opera t ion ,  t h e  m a t e r i a l  undergoes a 
t r a n s  forma t i o n  f r o m  a u s t e n i t e  to mar tens i t e  which r e s u l t s  i n  
increased  s t r e n g t h .  Fur ther  augmentation of t h i s  s t r e n g t h  
can be obta ined  by aging the m a t e r i a l  a t  790F for 20 hours 
a f t e r  cryogenic deformation. The response of  each h e a t  t o  -32CiF 
s t r e t c h i n g  and aging is dependent upon t h e  amount of s t r e t c h i n g  
t o  which the  material .  is subjected.  Therefore,  specimens frorn 
each h e a t  w e r e  subjec ted  t o  d i f f e r e n t  p r e s t r a i n s  at, -320F ps ior  
to  aging and t e s t i n g .  A s u f f i c i e n t  number of p r e s t r a i n e d  
specimens w e r e  prepared from each h e a t  to  permi t  eva lua t ion  of 
i t s  performance a t  room temperature, -423F and i n  some cases  a t  
-320F. Yield and t e n s i l e  s t r e n g t h s  w e r e  determined a t  t he  t h r e e  
temperatures,  
I n  add i t ion ,  notched specimens w e r e  p repared  f r o m  
a d d i t i o n a l  p r e s t r a i n e d  specimens and these w e r e  t e s t e d  t o  
eva lua te  t h e  Sehavior  o f  t he  m a t e r i a l  i n  t he  presence of 
mechanical d e f e c t s .  The notch specimens w e r e  tested a t  t h e  
t h r e e  temperatures prev ious ly  ind ica t ed .  F i n a l l y ,  welded 
specimens from t w o  of t h e  h e a t s  w e r e  notched and t e s t e d  a t  room 
temperature and a t  -423F. 
2 .  General  T e s t  Procedures and Specimen P repa ra t ion  
Because of t h e  v a r i e t y  of tests performed, a number of 
c specimen types  w e r e  u t i l i z e d .  All specimens, however, w e r e  
processed i n  accordance w i t h  the  fo l loy ing  sequence: 
1. 
2 .  
3. 
Specimens w e r e  c u t  from s h e e t  s tock  w i t h  t he  
s h e e t  r o l l i n g  d i r e c t i o n  p a r a l l e l  t o  t h e  t ens ion  
d i r e c t i o n  o f  t he  specimen, Gage s e c t i o n s ,  
approximately two and one h a l f  . inches long, w e r e  _ .  
machined i n t o  each specimen. 
Specimens w e r e  then s o l u t i o n  annealed, p i c k l e d  
and p a s s i v a t e d  i n  accordance wi th  the  Arde s p e c i f i -  
c a t i o n s  app l i ed  t o  H r d e f o r m  p a r t s .  
The annealed specimens w e r e  then p r e s t r a i n e d  a t  
-320F i n  a c r y o s t a t  mounted on a 60,000 lb, 
hydrau l i c  un ive r sa l  t e s t i n g  machime. The annealed 
specimens used t o  e s t a b l i s h  the  -320 s t r e s s - s t r a i n  
curve w e r e  simply p u l l e d  t o  f a i l u r e  i n  t h e  c r y o s t a t ,  
whi le  a l oad - s t r a in  curve was au tomat ica l ly  p l o t t e d  
us ing  an X-Y recorder ,  
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T e n s i l e  Specimen, F/N DlQ4-167 
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4. The p r e s t r a i n e d  specimens used for smooth 
t e n s i o n  tests w e r e  then aged for  20 hours a t  
790F 2 10F. A f t e r  aging, smooth specimens 
w e r e  t e s t e d  a t  t h e  r equ i r ed  t es t  temperatures .  
5 ,  P r e s t r a i n e d  specimens used for machined notch 
t e s t i n g  w e r e  notched i n  the unaged cond i t ion  
and then  aged a t  790F 2 10F f o r  20 hours .  
Notched specimens w e r e  then  t e s t e d  a t  t h e  
three t e s t  temperatures a t  -423P, 320F and 
@ room temperature . 
1. Descr ip t ion  of Tens i l e  T e s t s  
. The f i r s t  specimen from each h e a t  was -pu l l ed  t o  f a i l u r e  
a t  -320F i n  t h e  annealed cond i t ion  i n  o rde r  t o  evalurate the  
performance of each h e a t  during t ransformat ion  from t h e  
a u s t e n i t e  (annealed) t o  mar t ens i t e  .. One smooth t e n s i l e  tes t  
specimen (Figure VrII-1) f r o m  each h e a t  was p laced  i n  a 
l i q u i d  n i t r o g e n  f i l l e d  c r y o s t a t  t h a t  had been s e t  up on a 
T in ius  Olsen t e n s i l e  t e s t  machine. A n  extensometer was 
connected t o  t h e  gage s e c t i o n  of t h e  specimen. The s p x i m e n  
was then p u l l e d  t o  f a i l u r e  while  a l oad - s t r a in  curve  was 
automat ica l ly  p l o t t e d .  The s e t  up used f o r  gene ra t ing  -3203 
s t r e s s - s t r a i n  da t a ,  and for p r e s t r a i n i n g  the specimens i s  
shown i n  F igure  V I I I - 2 .  
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T I N I U S  OLSEN TESTING MACHINE WITH EQUIPMENT 
FOR CRYOGENIC T E N S I L E  TESTING 
CLOSE-UP O F  CRYOSTAT TYPICAL TENSILE TEST SPECIMEN 
AND EXTENSOMETER 
F igure  VIII-2 
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I n  o rde r  t o  e v a l u a t e  the h e a t s  for t h e i r  s t r e n g t h  a f t e r  
p r e s t r a i n i n g  and aging, s i x  specimens from each h e a t  w e r e  cryo- 
g e n i c a l l y  p r e s t r a i n e d  t o  somewhat less than  t h e  f a i l u r e  s t r a i n  
05 the  f i r s t  specimen, The s t r e s s - s t r a i n  curve genera ted  from 
t h e  f irst  specimen was used t o  e s t a b l i s h  the  prestress l e v e l s  
f o r  t h e s e  s i x  specimens. Generally,  t w o  of the s i x  specimens 
w e r e  p u l l e d  t o  a h igh  cryogenic  p r e s t r e s s  l e v e l ,  two specimens 
w e r e  p u l l e d  to  a moderate prestress l e v e l ,  and two w e r e  p u l l e d  
to  a l o w  prestress l e v e l .  Load-strain curves  w e r e  p l o t t e d  for  
a l l  specimens during p r e s t r a i n i n g  a t  -320F and these  curves w e r e  
u s e d k o  check t h e  -320F s t r e s s - s t r a i n  curve f r o m  t h e  i n i t i a l  
specimen. Area measurements w e r e  taken a t  nine d i f f e r e n t  p l a c e s  
a long t h e  gage s e c t i o n  of each specimen, both be fo re  and a f t e r  
each t e n s i l e  t es t ,  A t w o  inch gage l eng th  was a l s o  l i g h t l y  
s c r i b e d  on each specimen. Mechanical measurertients of  t h i s  gage 
. l eng th  w e r e  taken be fo re  and a f t e r  each t es t ,  The gage elonyaLions 
_ .  
measured, us ing  t h i s  technique, w e r e  used t o  check t h e  e longat ions  
i n  the  2" gage length recorded by the  automatic  p l o t t e r ,  
A l l  t h e  p r e s t r a i n e d  specimens w e r e  then aged f o r  twenty (20) 
hours a t  790F. Three of the  specimens, each p r e s t r a i n e d  t o  a 
d i f f e r e n t  cryogenic prestress l e v e l ,  w e r e  then subjec ted  t o  a room 
temperakdze t e n s i l e  tes t .  The .three remaining p r e s t r a i n e d  
specimens f r o m  each h e a t  were t e s t e d  i n  t ens ion  a t  -320F. 
The -320F and room temperature s t r e n s t h  da t a  f r o m  the 
t e s t i n g  descr ibed  above was eva lua ted  and a t e n t a t i v e  design 
p r e s t r a i n  s e l e c t e d .  The -423F s t r e n g t h  of the s p h e r i c a l  presswe 
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v e s s e l s  t o  be b u i l t  dur ing  the  program had t o  be the  b a s i s  for '  
s e l e c t i o n  of  t h e  t e n t a t i v e  design p r e s t r a i n .  A t  t he  t i m e  t he  
des ign  was i n i t i a t e d ,  no -423F da ta  on t h e  h e a t s  purchased was 
a v a i l a b l e .  Therefore,  an e s t ima te  of t h e  p r e s t r a i n  r equ i r ed  for  
t h e  d e s i r e d  -423F s t r e n g t h  was made by e x t r a p o l a t i o n  of t h e  . 
t e n s i l e  t e s t  da t a  obta ined  a t  -320F and r o o m  temperature.  The 
e x t r a p o l a t i o n  was based on -423F da ta  a v a i l a b l e  from l o w  s i l i c o n  
m a t e r i a l  p rev ious  l y  t e s t e d  . - 
I n  o rde r  t o  confirm the v a l i d i t y  of the  s e l e c t e d  p r e s t r a i n ,  
t w o  a d d i t i o n a l  specimens from each h e a t  w e r e  prepared f o r  -423F 
t e s t i n g .  These two specimens w e r e  p r e s t r a i n e d  t o  t h e  selected 
l e v e l  and aged a t  790F for 20 hours be fo re  t e s t i n g  a t  -423F. 
The t e n s i l e  tests a t  -423B were performed a t  l?yl ie  Labora tor ies  
inasmuch a s  Arde has  no f a c i l i t i e s  for -423F t e s t i n g .  Automatic 
p l o t s  of t he  load s t r a i n  r e l a t i o n s h i p s  were made f o r  each -423F 
t e s t .  
va lues .  
The -423F t e s t  d a t a  obtained confirmed, the e x t r a p o l a t e d  
2. Reduction of Data f r o m  T e n s i l e  T e s t s  
The fol lowing raw data  w a s  ob ta ined  €or each h e a t  t e s t ed :  
1) -320F load - s t r a in  curve.  
2) Load s t r a i n  curces  from t h e  t e n s i l e  tests o f  cryo- 
g e n i c a l l y  p r e s t r a i n e d  and aged specimens a t  rooin 
temperature,  -320F and -423F. 
This raw  data  was converted t o  m o r e  u s e f u l  p l o t s  and da ta  which 
def ined  t h e  c h a r a c t e r i s t i c s  of t he  m a t e r i a l .  The converted informa- 
t i o n  i s  a s  follows: -8 
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a) A -320F t r u e  stress v s  t r u e  s t r a i n  curve for  each 
h e a t  i n  t h e  annealed cond i t ion ,  
b) The y i e l d  s t r e n g t h  a t  bhe t e s t  temperatures of -423F, 
-320F and room temperature a s  a func t ion  of  cryogenic 
p r e s t r e s s .  
The nominal t e n s i l e  s t r e n g t h  a t  t h e  same t e s t  tempera- 
t u r e s  a s  a func t ion  of cryogenic  p r e s t r e s s .  
c) 
It should be noted t h a t  i n  many cases  only one p r e s t r e s s  
was u t i l i z e d  f o r  t e s t i n g  a t  -423F and t h e r e f o r e  s t r e n g t h  l e v e l s  
a s  a func t ion  of -32UF prestress was n o t  completely def ined  a t  
t h i s  temkerature.  
The load s t r a i n  curve generated from the -320F t e n s i l e  
tes t  of annealed m a t e r i a l  from each  h e a t  was converted i n t o  a 
t r u e  stress ( ) v s  t r u e  s t r a i n  ( 1 curve where: 
= Load (1-t-unit e lonqat ion)  (1) 
Specimen area  before t e s t  
and = I n  (1;unit e longat ion)  (2) 
I n  the  above equat ion  t h e  t r u e  stress i s  based on the  
assumption of constancy of voiume, us ing  specimen e longa t ion  a s  
a measure of t h e  c ros s - sec t iona l  a r ea  reducti.on under load.  The 
curves generated from the  above c a l c u l a t i o n s  w e r e  p l o t t e d  for  each 
h e a t  and a r e  presented  on Figures  VIII-3 to VIII-7, 
The y i e l d  p c i n t  a t  .2% offset ,  and t h e  nominal t e n s i l e  
s t r e n g t h  w e r e  c a l c u l a t e d  fox each tes t  df a p r e s t r a i n e d  specimen. 
77 
TRUE STRESS VS. TRUE STRAIN AT -320F 
H E A T  97056 
. U N I A X I A L  - ANNEALED S P E C I M E N  
320 
300 
280 
260 
240 
220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 
TRUE S T R A I N  SN/IM. 
Figure  V I I I - 3  78 
*, 
320 
300 
280 
2 60 
240 
.220 
200 
180 
1.60 
14 0 
120 
10 0 
80 
60 
40 
20  
0 
TRUE STRESS VS. TRXE STRAIN AT -320F 
HEAT 97057 
U N I A X I A L  - ANNEALED S P E C I I G N  
TRUE STWSS VS. TRUE S T R A I N  A T  -320F 
HEAT 97058 
UMIAXIAL - ANNEALED S P E C I M N  
300 
280 
2 60 
240 
220 
200 
180 
160 
14 0 
120 
100 
.80 
60 
40 
20 
0 
TRUE S T R A I N  i n / i n  
Figtire VIII-5 
260 
240 
220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 
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The y i e l d  p o i n t  was e s t a b l i s h e d  us ing  t h e  o f f s e t  method 
s p e c i f i e d  i n  ASTM S p e c i f i c a t i o n  E8-57T. The nominal u l t i m a t e  
s t r e n g t h  ( S )  was c a l c u l a t e d  using: 
s =  F a i l u r e  Load (3) 
Specimen Area P r i o r  t o  T e s t  
The y i e l d  and nominal u l t ima te  s t r e n g t h  for each 
t e n s i l e  tes t ,  a t  each t e s t  temperature,  a r e  t a b u l a t e d  on 
Tables VIII-1 to VIII-5, The -320F t r u e  prestress of each  
specigmen i s  l i s t e d  wi th  i t s  s t r e n g t h  l e v e l ,  
noted t h a t  f o r  t hese  tests the  t r u e  prestress was c a l c u l a t e d  
It  should be 
us ing  
= Prestress Load- 
Area a f t e r  T e s t  
I n  the t r u e  prestress c a l c u l a t i o n  i n  Equation (4), t h e  
e l a s t i c  d e f o m a t i o n  i s  n o t  taken i n t o  account s i n c e  a r e a  measure- 
ments a r e  made a f t e r  the specimen is unloaded. However, the 
error i s  of t h e  order of  less than 1% i n - t h e  p r e s t r e s s .  
The y i e l d  and t e n s i l e  s t r e n g t h  i s  p l o t t e d  a s  a func t ion  
of t r u e  prestress for each  h e a t  a t  room temperature and -320F 
i n  Figures  VLII-E! t o  VIIL-17. 
3 .  Evaluat ion of Tens i l e  T e s t  Data 
Four of the  f i v e  h e a t s  t e s t e d  under t h i s  program 
demonstrated s i m i l a r  behavior during cryogenic  t ransformation 
8 3  
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TABLE V I I I - 1 .  
' e s t  
N o  .. 
46 
47 
48 
43 
44 
45 
49 
3 
4 
MECHANICAL PROPERTIES OF LOr,?J S I L I C O N  
ARDEFORM MATERIAL - AGED CONDITION 
H e a t  97056 
-320F P r e s  
% Elong. 
i n  2" 
_I_ 
1 4 - 1  
9.1 
6.0 
l 4 . O  
9.0 
6-0 
10.0, 
9.1 
9.1 
:sin C o n d .  
True 
Stress 
k s i  
301.9 
240.7 
166 . 5 
298.0 
232.7 
16?3,4 
259.3 
246.0 
245.0 
Fina 
Y i e l d  
Strength 
a t  -2% 
O f f s e t  
276.0 
252,3 
215.1 
350.0 
* 
272.9 
328.7 
362.0 
354.0 
T e s t  t 
T e n s i l e  
S t r e n g t h  
ks i 
2 7 7 - 1  
255.6 
219.7 
351.0 
322.4 
297.6 
333.4 
369.0 
363,O 
Faiburt 
b E l o n g .  
i n  2 "  
1.3 
1,45 
1.75 
1.7 
2.3 
13.3 
2.05 
.ma 
- 
T e s t  
T e m ~  . 
Roorn 
ZOQm 
Room 
-320F 
-320F 
-320F 
-320F 
-423F 
-423F 
* E x t e n s o m e t e r  slipped 
. 
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TABLE VIII-2. 
MBCHANICAL PROPERTIES OF LOW SLLICON 
ARDEFORM MATERIAL - AGED CONDITIOH 
Heat 97057 
Pest 
NO. 
55 
56 
57 
52 
53 
54 
5 
6 
-320F P r e s t  
% %long. 
- i n  2" 
1 3 ; O  
8 - 7  
5.6 
13 -7  
8.4 
5.6 
8.7 
8.6 
a i n  Cond, 
True 
Stress 
k s i  
293.2 
237.0 
170.2 
295.3 
236-5 
171.1 
. 
237.0 
237.0 
Fin; 
Y ie I d  
S t r  eng th 
a t  -2% 
O f f s e t  
270,8 
250.7 
215-2 
343.6 
321.2 
277.7 
** 
359.0 
T e s t  t o  Failurr 
% Elong, c i n  2" Tens i l e  S tr  eng t h  ks i 
271.8 1 1,37 
254.5 1.6 
223-6 1.6 
345.6 1.4 
324.1 1.67 
301.0 12.0 
362-0 - 
363.0 - 
** F a i l e d  before  y i e l d  
T e s t  
Temp. 
R o o m  
Room 
Room 
-3203 
-320F 
-320F 
-4233 
-423E 
. .  
T e s t  
No. 
4 
5 
9 
6 
7 
8 
1 
2 
TABLE V I I I - 3  
MECHANICAL PROPERTIES OF LON S I L I C O N  
ARDEFORM MATERIAL - AGED CCi?;lDITIQhT 
H e a t  97058 
-320F P r e  
% E l o n g  . 
- i n  2" 
11.0 
8.5 
14.5 
14.5 
13.5 
8.0 
11.3 
11.5 
t r a i n  C o n d .  
True 
Stress 
k s i  
277 . 3 
247 . 5 
298.8 
298.0 
291.6 
231.1 
284.0 
. 285.0 
Fina  
Y i e l d  
S t r eng th  
a t  .2% 
O f f s e t  
261.1 
252.7 
265.5 
338.8 
338. 3 
* 
381.0 
** 
T e s t  t 
Tensi le  
S t r e n g t h  
. k s i  
263.5 
254.7 
268.2 
342.9 
340 7 
320.0 
384.0 
381.0 
* Extensometer slippec! 
**. F a i l e d  before yield 
Fa i l u r e  
% E l o n g ,  
i n  2" 
1.5 
1.25 
1.35 
1-7 
- 
- 
- 
T e s t  
Temr, . 
Room 
Room 
Room 
-320F 
-320F 
-320F 
-423F 
-423F 
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TABLE V X I I - 4  
T e s t  
N o  a 
. 8  
9 
10 
11 
1 2  
13 
MECHANICAL PROPERTIES OF LOW S I L I C O N  
ARDEFORM MATERIAL - AGED CONDITION 
Heat 97106 
-3203' Pre 
% Elong. 
i n  2" 
9.0 
7 . 5  
4.0 
4.1 
10.7 
8.0 
: ra in  ,Cond. 
T r u e  
Stress 
k s i  
239.0 
230.0-  
207  . 2 
209.9  
243.8 
236.6 
- 
Fin;: 
Y ie Id 
St reng th  
at . 2 % ,  
O f f s e t  
2 1 2 , 9  
209.3 
200.0 
* 
* 
* 
T e s t  1 
Tens i l e  
S t r eng th  
ks i -
212.9 
209.3 
200.4 
273  -0  
281.7 
280.6 
* Extensometer slipped 
Failur i  
% Elong. 
i n  2" 
095 
.90 
1 . 2  
I 
- 
- 
T e s t  
Temp. 
Room 
Room 
Roorn 
-320F 
-320F 
-320E 
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TABLE VIII-5 
t 
Test 
N o .  
3 
'4 
5 
6 
7 
8 
9 
1 
2 
MECHANICAL PROPERTIES OF LON S I L I C O N  
ARDEFORM MATERIAL - AGED CONDITION 
'Heat 97107 
-320F P r e s  
% Elong . 
i n  2" 
11.0 
9.3 
6.1 
11.0 
9.5 
6.0 
11.0 
9.8 
9.3 
r a i n  Cond. 
True 
Stress 
ksi 
269.0 
253.5 
202-6 
271.3 
260 .O 
200.2 
272.5 
259.0 
252.0 
F i n a l  Test to F a i l u r e  
Yield 
St reng th  
at -2% 
- Offset ' 
249.3 
243.2 
221.9 
* 
316-1 
286.6 
324.2 
367.0 
352,O 
T e n s i l e  
S t r eng th  
k s i  ' 
251.2 
247 .4 
228.8 
324.2 
320.0 
293.7 
328.6 
369.0 
363 .0 
* Ex tens ome ker s lippea 
% Elong. 
i n  2" 
1.4 
1.6 
1.6 
- 
1.65 
i .65  
1.65 
- 
- 
T e s t  
Y- Temp. 
R o o m  
Room 
Rg0m 
-320F 
-320F 
-320F 
-320F 
-423F 
-4,231; 
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STRENGTH Q -320F A S  A FUNCTION OF -320F PRESTRESS 
HEAT 97057 
AGED @ 790F, 20 HOURS 
0 YIELD 
ff TENSILE STRENGTH 
360 
340 
320 
300 
280 
260 
240 
220  
. I O 0  140 180 226 260 300 340 
TRUiE PRESTRESS Q -320P &si) 
Figure V T I I - 1 4  95 
_ .  
I 
I 
i 
I 
4 1  
_ -  
STRENGTW @ -320F AS A FUnCTLON O F  -320F PRESTRESS 
HEAT 97058 
AGED @ 790F, 20 HOURS 
0 YIELD 
a TENSILE STRENGTH 
200 
-i 
220 
- 
24 260 280 320 
TRUE PRESTRESS 3 -320F (ksi) 
Figure  V I I I - 1 5  
96 
h 
-r4 
m x 
v 
w 
d 
STRENGTH @ -320F AS A FUNCTION OF -320F PRESTRESS 
HEAT 97106 
AGED @ 790F, 20 HOURS 
Q YIELD 
D TENSILE STRENGTH 
30 0 
280 
260 
240 
220 
200 
180 
160 
STRENGTH @ -320F A S  A FUNCTION OF -320F PRESTRESS 
HEAT 97107 
AGED @ 790F, 20 HOURS 
YIELD 
g TENSILE STRENGTH 
f r o m  t he  a u s t e n i t e  t o  mar t ens i t e ,  These fou r  h e a t s ,  numbers ' 
97056, 97057, 97058 and 97107 a l s o  showed good s t r e n g t h  l e v e l s  
a f t e r  p r e s t r a i n i n g  and aging,  Three of these ,  97056, 97057 and 
97058 have almost i d e n t i c a l  s t r e n g t h  l e v e l s  a t  room temperature,  
-320F and -423F. Heat 97107 shows a n  aged s t r e n g t h  response 
t h a t ,  w h i l e  very adequate,  is  approximately 10 k s i  below those 
demonstrated by the  f i r s t  t h r e e  h e a t s ,  - 
Heat 97106 has  a poor response to  cryogenic  s t r a i n  induced 
t ransformat ion ,  The p r e s t r a i n e d  and aged room temperature 
and -320F s t r e n g t h  of t h e  m a t e r i a l  was l o w ,  The poor performance 
o f  t h i s  h e a t  97106 probably i s  caused by i t s  l o w  chromium con ten t  
which i s  ou t s ide  the  s p e c i f i c a t i o n  r eq i i r emen t s  and which caused 
r e j e c t i o n  of t h i s  h e a t .  Tests of t h i s  h e a t  w e r e  conducted t o  
determine i f  t he  low chrome level would a f € e c t  t h e  m a t e r i a l  
behavior ,  and was indeed s u f f i c i e n t  cause €or r e j e c t i o n .  Because 
of the  requirements f o r  m a t e r i a l  e a r l y  i n  t h e  program it was f e l t  
advantageous t o  determine i f  t h e  h e a t  was usable .  ,MRB review 
r e s u l t e d  i n  t h e  d e c i s i o n  t o  reject  un le s s  t e n s i l e  d a t a  could show 
t h a t  t h e  properties w e r e  acceptab le ,  The t e n s i l e  t es t  r e s u l t s  
i nd ica t ed  above, o f  course ,  d e f i n i t e l y  e l i rn ina t ed th i s  h e a t .  
6 ,  Notch T e s t i n q  
1, Notch Tens i l e  T z s t  Procedure 
All h e a t s  w e r e  notch t e s t e d  us ing  a type D3517 specimen 
(see Figure V I I I - 1 8 )  , 
cryogenica l ly  p r e s t r a i n e d  i n  a manner s i m i l a r  t o  the  smooth 
specimens. The specimens for each h e a t  w e r e  a l l  subjec ted  t o  
Each notch t es t  specimen was measured and. 
d 
99 
. 
Notch Specimen 
# 
Figure  VIII-18 
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s i m i l a r  prestress l e v e l s ;  t h e  prestress l e v e l s  o f  t he  specimens 
being d i c t a t e d  by the  des ign  requirements of  t h e  vessel. 
A f t e r  p r e s t r a i n i n g ,  each specimen was aged. The t r u e  p r e s t r e s s  
was c a l c u l a t e d  using: 
P r e s t r e s s  = Ultimate Load 
Specimen’s Area Af te r  T e s t  - 
The cracks  i n  the p a r t i a l  th ickness  su r face  cracked 
specimens w e r e  generated by f i rs t  punching a small  s t a r t e r  
notch i n  the c e n t e r  of the gage s e c t i o n  using a small  chisel-  
shaped t o o l .  The specimens w e r e  then f a t i g u e  cracked i n  
bending on a Wiedemann-Baldwin f a t i g u e  tester.  See 
Figure VIII-19. Approximately 10,000 cyc le s  a t  a computed 
bending stresses of about 45% of y i e l d  s t r e n g t h  was r equ i r ed  
t o  produce a f a t i g u e  crack a t  each t i p  of the  wedge shaped 
s t a r t e r  notch. 
t r ansve r se  t o  the  t ens ion  d i r e c t i o n  of the specimen and p a r t i a l l y  
through the  specimen thickness .  The crack was viewed through a 
This type of c y c l i c  loading produced a c r a c k ,  
1OX microscope a s  it was propagated, When t h e  c rack  reached 
the  des i r ed  length,  the loading was stopped. Each notched 
specimen w a s  then p u l l e d  t o  - fa i lure .  Measurements of t he  notch 
s i z e  and specimen c ross - sec t iona l  a r ea  was made. Figure V I I I - 2 0  
shows close-up cross -sec t ion  view of a c rack  i n  a tes ted 
t e n  s i le sp e c ime n e 
10 1 
Fat igue  Cracking Machine 
F igure  VIII-19 
Specimen. Undergoing Fat igue Cracking 
10 2 
Surface Fatigue Crack i n  Uniaxial Specimen 
Figure VIZI-20 
10 3 
6 
S i x  t e n s i l e  specimens from h e a t  97 58, anG s i x  
specimens f r o m  h e a t  97107 w e r e  p repar  
These specimens w e r e  t e s t e d  a t  room temperature,  -320F and 
-423F; t w o  specimens from each h e a t  be ing  t e s t e d  a t  each 
temperature.  Four a d d i t i o n a l  specimens w e r e  prepared,  t w o  
each  f r o m  h e a t s  97056 and 97057. Inasmuch a s  -423F is  the 
m o s t  c r i t i c a l  o p e r a t i n g  condi t ion ,  t h e s e  fou r  specimens w e r e  
i n  t h e  above manner. 
t e s t e d  a t  t h i s  temperature.  Tes t ing  a t  roon temperature and 
-320F was conducted by ARDE. Test ing  a t  -423F was conducted 
by Wy4e Labs i n  Corona, C a l i f o r n i a ,  Those specimens which were 
s e n t  t o  Wyle Labs w e r e  vacu-blasted,  c leaned and p a s s i v a t e d  . 
a f ter aging.  
. 
One specimen from h e a t  97056, d i d  n o t  fail j-n t h e  
c e n t e r  notch a rea  during the  -423F t e s t i n g .  F a i l u r e  occurred . 
near  t h e  end of the specimen gage section, This  a r e a  is 
_ .  
ad jacen t  t o  the s e c t i o n  of t h e  specimen which was clamped t o  
t h e  f a t i g u e  c racking  machine (see Figure VIII-2la) . Apparently, 
the c rack  was s t a r t e d  a t  t h e  specimen edge i n  t h i s  reg ion  during 
t h e  f a t i g u e  cyc l ing .  The specimen f a i l e d  a t  t h i s  c r ack  r a t h e r  
than  a t  t h e  c e n t r a l  c r ack  during l i q u i d  hydrogen t e s t i n g ,  A 
photograph of t h i s  c rack  is  shown i n  Figilre V I I I - 2 l b .  
2, RedEction of Notch T e s t  Data 
The notch t e s t  r e s u l t s  w e r e  eva lua ted  on t h e  b a s i s  
I C  
of nominal K va lues .  The notch t e s t i n g  was intended p r i m a r i l y  
10 4 
Specimen 10N 
Heat 97056 
On Fatigue Cracking 
Machine, Showing 
F a i l  Area Next to 
Clamp Support 
Specimen 10N 
Heat 97056 
Failure Edge 
Showing Edge 
Crack 
Figure V I Z I - 2 1  
t o  eva lua te  t h e  -423F behavior of t h e  m a t e r i a l  used i n  t h i s  
program by comparison wi th  t h e i r  behavior  a t  room temperature,  
as w e 1 1  a s  t o  o b t a i n  s o m e  idea of a c r i t i c a l  notch s i z e  under 
des ign  ope ra t ing  cond i t ions .  The f r a c t u r e  toughness parameter 
measured he re  i s  considered nominal i n  t h a t  t h e  e x a c t  notch s i z e  
a t  t h e  o n s e t  of r a p i d  c rack  propagat ion was n o t  determined nor 
was a pop-in load determined. In s t ead ,  the i n i t i a l  f a t i g u e  c rack  
dimensions and the  maximum load a t  f a i l u r e  w e r e  used i n  the  
- 
equat ion  be low: 
2 h2 = Am2 - Cm 
2 Am 
Am = Notch Lensth 
2 
Cm = Notch Depth 
P = Ultimate Load 
= G r o s s  Stress = P 
Gross Specimen Area 
Y = Equiva len t  smooth y i e l d  stress of m a t e r i a l  
# 
I n  add i t ion ,  d i f f i c u l t y  is ord . inar i ly  experienced i n  
specimens of  this type in l i m i t i n g  the depth o f  t h e  i n i t i a l  crack 
t o  less than 1/2 the sheet thlckness. 
10 6 
Under t h e s e  condi t ions ,  t h e  notch i s  inadequately 
r e s t r a i n e d  and p lane  s t r a i n  cond i t ions  a r e  n o t  m e t ,  
I n  add i t ion ,  t h e  n e t  f r a c t u r e  stress ( Ed) and the  
notch r a t i o  for each  specimen was c a l c u l a t e d  us ing  
P 
WB - Am Cm 
- 
where W = specimen width 
and B = specimen th ickness  8 
N o t c h  r a t i o  = 
d 
A l l  notch d a t a  is  presented  i n  Table VIII-6, 
Average notch va lues  f o r  each h e a t  a r e  p l o t t e d  i n  F igures  VIII-22, 
. VIII-23 and VIII-24, It should a l s o  be noted t h a t  i n  m o s t  
i n s t ances  a t  room temperature and -320F the .  r a t i o  of the g r o s s  
notch s t r e n g t h  t o  y i e l d  s t r e n g t h  exceeded -8. Und.er t hese  eon- 
d i t i o n s ,  of course,  accu ra t e  X va lue  cannot  be obta ined .  Such 
I C  
d a t a  merely i n d i c a t e s  t h e  high t o l e r a n c e . o €  the  material .  t o  
notches of the type introduced and an approximation t o  a c t u a l  
va lue  f o r  the  m a t e r i a l .  A t  -423F a l l  g r o s s  f r a c t u r e  stress KIc 
r a t i o s  a r e  less than .8; t h i s  i n d i c a t e s  t h a t  t h e  specimen design 
i s  s a t i s f a c t o r y  for K determinat ion at -423F. 
I C  
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11.1. 
D. Mechanical T e s t i n s  o f  Welds 
1, T e s t  Specimens and Procedure 
I n  a d d i t i o n  t o  the previous ly  descr ibed  smooth and 
notch t e s t i n g  conducted t o  eva lua te  the  b a s i c  material . ,  t he  
w e l d  s t r e n g t h  of t h e  m a t e r i a l  was a l s o  eva lua ted  by NASA a t  
Marshall .  Twenty-four (24) type D3617 (See Figure VIII-25) 
specimens were prepared by Arde f o r  t he  t e s t i n g  program. 
Twelve (12) specimens w e r e  f a b r i c a t e d  f r o m  a ,060 nominal thick- 
ness s h e e t  of h e a t  97058, and twelve (12) specimens from 
h e a t  97107. 
t h e  s h e e t  s tock  p a r a l l e l  t o  t h e  specimen gage length .  P r i o r  
t o  c u t t i n g , e a c h  s h e e t  of m a t e r i a l  was welded w i t h  a f u l l  pene- 
t r a t i o n  T I G  weld bead. Welds were n o t  machined f l u s h  t o  t h e  
All specimens w e r e  c u t  wi th  the  r o l l i n g  d i r e c t i o n  df 
m a t e r i a l  sur face  b u t  were l e f t  wi th  t h e  s l i g h t  under and over 
bead normal t o  the  process .  
A f t e r  a l l  machining was completed, .each specimen was 
cleaned i n  mild a l k a l i n e  de te rgent ,  annealed, p i ck led  and 
p a s s  iva t e d  . 
The specimens were a11  subject  t o  s i m i l a r  cryogenic 
p r e s t r e s s  l e v e l s .  The p r e s t r a i n  of  the  specimens were d i c t a t e d  
by the  design requirements of t h e  v e s s e l ,  The t r u e  p r e s t r e s s  
of each specimen w a s  c a l c u l a t e d  using 
- Load 
Specimen Area A f t e r  P r e s t r a i n  
and P r i o r  t o  Machining . 
The weld bead was n o t  included i n  the  specimen th ickness  rrteEsurernent. 
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A f t e r  p r e s t r a i n i n g ,  each specimen gage s e c t i o n  was re- 
machined t o  a -500 inch  width. All machining was done wi th  
s u f f i c i e n t  q u a n t i t i e s  of  coo lan t  t o  preven t  overhea t ing  t h e  
specimen, Each specimen was aged f o r  20 hours a t  790F, vacu- 
b l a s t e d  t o  remove aging oxides,  c leaned i n  d e t e r g e n t  and 
p a s s i v a t e d  . 
Each specimen was bagged i n  p l a s t i c .  All the specimens 
w e r e  shipped t o  NASA for  notching and t e s t i n g .  Figure VIII-25 
shows t h e  p r e s t r a i n e d ,  remachined specimen before  notching.  
e 
A t  NASA t h e  weld bead was l e f t  i n t a c t  and edge notches 
w e r e  machined a s  nea r ly  a s  p o s s i b l e  o n ' t h e  c e n t e r l i n e  o f  t he  
weld. The notches w e r e  designed t o  produce a K of 10, T e s t s  
w e r e  made a t  room temperature and a t  -423F. T e s t  r e s u l t s  obtained 
T 
i n  the  NASA Labora tor ies  a r e  reproduced i n  Table V I I I - 7  and 
VIII-8. 
E. Stress Corrosion S u s c e p t i b i l i t y  Tes t ing  of Welded 
Ardeform Mate r i a l  
1, Specimen Fabr i ca t ion  His tory  
Ten (10). type D3617 spzcimens w e r e  prepared fo r  the 
stress c o r r a s i o n  t e s t i n g  prograrn a t  NASA's Marshall  Space F l i g h t  
Center ,  All specimens were f a b r i c a t e d  f r o m  a ,060 nominal thick-  
ness  s h e e t  of Arde low s i l i c o n  m a t e r i a l  h e a t  97058, All. 
specimens w e r e  c u t  with the  r o l l i n g  d i r e c t i o n  of t h e  s h e e t  s tock  
p a r a l l e l  t o  t h e  specimen gage length, Pr ior  t o  c u t t i n g ,  the 
113 
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Welded Tens i l e  Specimen 
Figure ViII-25 
TABLE V I I I - 7  
MECHANICAL PROPERTIES OF ARDEFORMED LOW Si 
STAINLESS STEEL WELDED TENSILE SPECIMENS 
0.2 Per-  Elongat ion 
cent Y , S ; -  Percen t  in 
Heat and T r u e  Cry0 T e s t  Temp. U.T.S .  
Spec. Prestress (OF) (psi) 
No . ks i (psi) in 2”  
97058- 7 . 2 8 1  R.T. 259,090 258,390 -- 
- 8  2 8 1  R.T. 249,320 246,960 3.5 
- 2  277 -423 379,125 370,030 1.5 
- 3  28 1 -423 383,665 374,000 1.5 
-11 282 -423 382,650 374,690 1.5 - 14 280 -423 384,350 379,590 1.5 
97 107-10 2 54 R.T. 243 , 110 240,990 3 .O - 18 253 R O T ,  238,360 236,300 3.5 
-1i 2 54 -423 364,810 353,310 1.5 
- 12 255  -423 364,110 349,130 1.5 
-16 2 54 -423 366,900 353,310 1.5 
-19 269 -423 373,500 359,150 1.5 
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TABLE VIII-8 
NOTCEED TENSILE PROPERTIES OF ARDEFOPXD LOW S i  
STAINLESS STEEL WELDED TENSILE SPECIMENS 
H e a t  and True C r y 0  Te s t Temp.  N o t c h e d  N/UN R a t i o  
( K t = l O )  
T e n s i l e  
Strength 
(psi)  
OF Spec. P r e s  tress 
N o  . k s i  
Average 1 - 1 6  97058- f 280 R.T. 302,955 - 10 278 R.T. 289,640 
- 5  279 -423 273,780 
- 9  278 -423 269,410 H i g h  - 0.74 
-12 283 -423 266,930 LOW - 0.69 , 
. -13 282 -423 281,500 Average -0.72 
97107- 9 255 
-20 255 
R.T. 
R.T. Average 1.27 
304,110 
306,370 
- 13 2 53 -423 260,740 - 14 255 -423 329,100 H i g h  - 0.90 
-15 2 56 -423 293,830 LOW - 0.69 
- 17 255 -423 317,660 Average - 0.82 
11.6 
'. 
sheet m a t e r i a l  was welded with a f u l l  p e n e t r a t i o n  T I G  weld. 
The weld was made us ing  argon gas  back-up, The welds i n  these  
specimens w e r e  a l s o  l e f t  w i t h  t he  s l i g h t  under and over -bead  
which i s  normal for  t h e  welding process .  
A f t e r  a l l  machining was completed, each specimen was 
cleaned i n  mild a l k a l i n e  de te rgent ,  annealed, p i c k l e d  and 
p a s s i v a t e 6  i n  h o t  n i t r i c  acid-sodium dichromate s o l u t i o n .  
Each specimen was placed i n  a b a t h  of l i q u i d  n i t rogen  
rc 
and p r e s t r e s s e d  t o  a t r u e  stress ( 1 of approximately 
279 k s i .  The gage width and th ickness  of  t h e  specimens were 
measured both  be fo re  and a f t e r  p r e s t r a i n i n g ,  and a r e a s  c a l -  
c u l a t e d .  The weld bead w a s  r,nt included i n  th ickness .  The 
t r u e  p r e s t r e s s  was c a l c u l a t e d  using the  a rea  or' t h e  specimen 
a f t e r  pres t r a  i n  ing  . 
P r e s t r e s s  =. ' Load 
Area A f t e r  P r e s t r a i n  
The cryogenic  p r e s t r e s s  ' l e v e l  and p red ic t ed  room temperature 
y i e l d  stress of  each specimen i s  shown i n  Table V I I I - 9 .  Each 
specimen was aged for  20  hours a t  790F, vacu-blasted t o  remove 
aging oxides ,  c leaned i n  de t e rgen t  and pass iva t ed .  Spacimens ;?ere 
bagged i n  p l a s t i c  and shippeii t o  NASA f o r  stress co r ros ion  
t e s t i n g ,  
. 
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TABLE V I I I - 9  
Cryoqenic P r e s t r a i n  of Corrosion Test Specimens 
- 
S e r i a l  Heat Cryogenic P r e d i c t e d  ROTo 
N u m b e r  Number P r e s  tress Y i6 Id 
Stress 
ksi ksi 
15 97 
16 
17 
18 
19 
20 
21 
22 
23 
24 
8 282 
278 
284 
282 
279 
281 
279 
284 
283 
282 
262 
261 
263 
262 
261 
. 262 
261 
263 
263 
262 
, 
11.8 
2. T e s t  Procedure and Resu l t s  
The specimens w e r e  s t r e s s e d  by cons t an t  d e f l e c t i o n  
us ing  a f i x e d  span snap-in frame. Three specimens w e r e  loaded 
i n  t ens ion  t o  190 k s i  ( 7 5 % Y . S , )  and t h r e e  t o  227 k s i  (9OY6Y.S.). 
The test  environment cons i s t ed  of a l t e r n a t e  immersion i n  a 
n e u t r a l  3 1/2 p e r c e n t  s o l u t i o n  of  sodium c h l o r i d e  a t  ambient 
temperature.  A F e r r i s  wheel type tester was used which 
cycled i n  such a manner t h a t  t h e  specimens w e r e  immersed i n  
t h e  s o l u t i o n  f o r  t e n  minutes, followed by f i f t y  minutes of  
dry ing  above t h e  s o l u t i o n .  This  m a t e r i a l  was found t o  be 
r e s i s t a n t  t o  s t r e s s -co r ros ion  c racking  under the  tes t  cond i t ions  
i n  t h a t  no f a i l u r e s  w e r e  encountered a t  e i t h e r  stress load 
(190 and 227 k s i )  a f t e r  s i x  months of exposure. . 
0 
F. Data Addendum 
The d a t a  curves f o r  h e a t  50793, which i s  a p p l i c a b l e  t o  the 
. m a t e r i a l  used i n  the f a b r i c a t i o n  o f  the S/N 10 and 11 v e s s e l s  * 
is provided i n  Appendix F ,  _ .  
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1. 
I X ,  SATURN S I V  B HELIUM STORAGE VESSELS, RECOM- 
M N D E D  HANDLING PROCEDURES DURING QUALIFICATION 
TESTING 
In t roduc t ion  
The combined inf luence  of stress and co r ros ion  can-cause pre- 
mature f a i l u r e  i n  m o s t  meta l s  and a l l o y s .  Such f a i l u r e s  can 
occur below the design stress, even i n  those environments where 
gene ra l  co r ros ion  may n o t  be no t i ceab le .  For tuna te ly ,  t h e  con- 
d i t i o n s  of  s e r v i c e  and the  s e r v i c e '  environments which may r e s u l t  
i n  such f a i l u r e s ,  tend t o  be s p e c i f i c  for l  each m a t e r i a l .  For 
these  reasons,  it i s  important  t h a t  the Sa turn  S I V  B Helium 
Storage p r e s s u r e  v e s s e l s  be p ro jec t ed  from the  s p e c i f i c  s e r v i c e  
condi t ions  and s e r v i c e  environments which Can degrade t h e  per- 
formance of ARDEFORM m a t e r i a l .  
2. Hvdroqen E m b r i t t l e m e n t  and Stress Corrosion 
I t  has  long been known t h a t  embri t t lement  of h igh  y i e l d  s t r e n g t h  
a l l o y  s teels  may be caused by p e n e t r a t i o n  of t h e  metal  by atomic 
hydrogen. A u s t e n i t i c  s t a i n l e s s  steels,  on the  o t h e r  hand, show 
l i t t l e ,  i f  any, tendency toward embri t t lement  by atomic hydrogen. 
ARDEFORIII p r e s s u r e  v e s s e l s  a r e  f a b r i c a t e d  by a process which t rans-  
forms a u s t e n i t i c  s t a i n l e s s  s teel  t o  a l o w  carbon mar t ecs i t e  of: very 
high y i e l d  s t r e n g t h .  Therefore,  it must be expected t h a t  t rans-  
formed m a t e r i a l  w i l l  behave i n  a manner s i m i l a r  t o  t h a t  of the high 
s t r e n g t h  a l l o y  steels i n  t h e  presence of  atomic hydrogen. S i n c e  
the  s t a i n l e s s  s teel  sur facb  of ARDEFOEU4ed p r e s s u r e  v e s s e l s  a r e  
pas s iva t ed ,  they have e x c e l l e n t  r e s i s t a n c e  t o  gene ra l  co r ros ion ,  
4 
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However, i f  a t tachments  to  the  v e s s e l  provide a c r e v i c e  w l i e r e  
condensed water vapqr can accumulate, l o c a l  oxygen concen t r a t ion  
ce l l s  may be set up a s  a r e s u l t  of t h e . d i f f e r e n c e  between t h e  
oxygen concen t r a t ions  of the  condensation exposed t o  t h e  a i r  
and t h e  moisture  t rapped i n  the c rev ice .  Such cel ls  break down 
the  p a s s i v a t i o n  and cause a very s l o w ,  h ighly  loca l i zed '  p i t t i n g  
a t t a c k ,  which i n  i t s e l f  i s  n o t  s e r i o u s  except  over  very long 
pe r iods  of s e r v i c e .  Unfortunately,  atomic hydrogen i s  a product  
of t h e  p i t t i n g  co r ros ion  and may cause e m b r i t t l e m e n t  under such 
s e r v i c e  cond i t ions .  
The hydrogen embr i t t l emen t  of ARDEFORM m a t e r i a l  has, 
i n  all cases ,  been t r aced  t o  the  r e l e a s e  b f  hydrogen a s  a resuTt  
o f  e i t h e r  ga lvan ic  a c t i o n  or local electromechanical  cor ros ion .  
I n  a l l  c a s e s  it has  been p o s s i b l e  t o  modify t h e  a p p l i c a t i o n  or 
use cond i t ions  t o  e l i m i n a t e  the  cause of  t h e  embri t t lement .  
ARDEFORM m a t e r i a l  S ~ O W S ,  i n  gene ra l ,  good r e s i s t a n c e  
t o  stress co r ros ion  i n  t h e  presence of var ious  environments. 
U s e r s ,  however, a r e  urged t o  consu l t  Arde, Inc.  concerning any 
t e s t  procedure or a p p l i c a t i o n  which w i l l  s u b j e c t  t he  v e s s e l  t o  
environments no t  contemplated i n  the  design of  v e s s e l s .  
I n  o rde r  t o  p r o t e c t  the  Sa turn  S I V  B Helium Storage 
v e s s e l s  f r o m  moisture  dur ing  shipment they w e r e  purged wi th  dry  
n i t rogen  gas  and p laced  i n  a p l a s t i c  bag which was a l s o  purged 
with dry  n i t rogen  gas  p r i o r  t o  being 'neat s ea l ed .  . 
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3 .  Recommenda ti= 
1) S t r a p s  or s i m i l a r  c r e v i c e  forming devices  should n o t  be 
used t o  hold  the  Sa turn  S I V  B H e l i u m  Storage v e s s e l s .  In s t ead ,  
tes t  s t ands  should be designed and b u i l t  w i th  appropr i a t e  suppor t  
f i t t i n g s  t o  match the  bosses and clevices of the vessel. See 
Fiqure IX-1 and IX-2. 
2) Only type 300 series s t a i n l e s s  steel s h a l l  be used for  a l l  
mounting hardware and f i x t u r e s  which w i l l  come i n  c o n t a c t  w i th  t h e  
v e s s e l .  A.11 hardware, f i x t u r e s ,  e tc ,  should be thoroughly washed * 
and cleaned p r i o r  to  use wi th  these  v e s s e l s .  
3) Avoid t h e  a p p l i c a t i o n  of substances conta in ing  c h l o r i d e s ,  
s u l f i d e s ,  o rganic  amines t o  t h e  su r face  of ARDEFORM vessels, 
Substances of unknown composition should n o t  be app l i ed  ind i sc r imina te ly  , 
Consult  ARDE be fo re  us ing  any adhesive,  coa t ing ,  or waterproofing 
m a t e r i a l  on the  su r face  of  ARDEFORLY v e s s e l s ,  . I t  i s  suggested . 
t h a t  "DUCO" cement be used t o  a f f i x  s t r a i n  gages t o  t h e  v e s s e l s .  
S t r a i n  gages should be removed a f t e r  t e s t  and a l l  cement should be 
cleaned from t h e  v e s s e l  u s ing  acetone,  
4) The vessels should n o t  be allowed t o  come i n t o  c o n t a c t  
wi th  o i l  or g rease  of any s o r t .  
5) Wnite gloves should be won whenever t h e  v e s s e l s  a r e  
handled.. 
, 
6) Avoid p l a c i n g  t h e  v e s s e l s  d i r e c t l y  on any m e t a l l i c  su r f ace ,  
such a s  aluminum or z h c ,  Fihich n i g h t  c r e a t e  an e l e c t r o l y t i c  ce l l .  
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7)  V e s s e l s  should be s t o r e d  i n  c l e a n  p l a s t i c  bags. I f  
v e s s e l s  a r e  t o  be s t o r e d  for any long du ra t ion  of t i m e  ( m o r e  than  a 
month) they should be d ry  n i t r o g e n  gas  purged and p l aced  i n  p l a s t i c  
bags, t h e  bags should be d ry  n i t rogen  gas  purged and h e a t  s ea l ed .  
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X. CONCLUSIONS 
The program ind ica t ed  t h a t  p re s su re  v e s s e l s  of 
reasonable  complex conf igu ra t ion  could  be f a b r i c a t e d  f r o m  
low s i l i c o n  m a t e r i a l  f o r  -423F service. Also, t h a t  ARDE's 
i n spec t ion  techniques and t h e  s e l f  i n spec t ing  c h a r a c t e r i s t i c s  
of t h e  cryogenic s t r e t c h  forming process can r e s u l t  i n  the 
procluction of r e l i a b l e  hardware. 
the inc lus ions  i n  the m a t e r i a l  were f a i r l y  h igh  b u t  t h i s  can 
be remedied through the use of u l t r a s o n i c  in spec t ion  techniques 
and double vacuum melted raw mater ia l . ,  
The sc rap  r a t e s  due t o  
1 2  6 
XI. APPENDIX 
APPENDIX A 
U n i a x i a l  - B i a x i a l  C o r r e l a t i o n  
. 
APPENDIX A 
Uniaxia l  - B i a x i a l  C o r r e l a t i o n  
I n  t h e  theory of e l a s t i c i ty ' ' )  t h e  s t r a i n  i n  a given 
d i r e c t i o n  can be expressed q u i t e  simply by "Hooke's Law", 
1 
- 3 
+ 1 1 - E  - -  
Therefore a stress s t a t e  e x i s t s  t h a t  does n o t  descr ibe  
y i e l d i n g  or p l a s t i c  f l o w  and t h e  m a t e r i a l  expands or  c o n t r a c t s  a s  
a func t ion  of the  cond i t ion  of  loading. Hence, problems a r e  
r e l e g a t e d  to  cons ide ra t ions  of small  s t r a i n s  wi th  e i t h e r  smal l  
or l a r g e  d e f l e c t i o n s ,  a cons t an t  modulus of  e l a s t i c i t y ,  E ,  i s  
used and two s o l u t i o n s  can be superimposed i n  s u i t a b l e  propor t ions  
t o  o b t a i n  t h e  correct answer, 
I n  the theory of p l a s t i c  deformation, it i s  necessary 
t o  use g r a p h i c a l  s o l u t i o n s  i n  cons ider ing  large s t r a i n s  (as G e l 1  
a s  l a r g e  d e f l e c t i o n s )  t h a t  cause changes of shape while the 
volume of m a t e r i a l  r ena ins  b a s i c a l l y  cons tan t .  This p l a s t i c  
deformation, a s  app l i ed  t o  the  ARDEFORM process, r e s u l t s  i n  a 
10-14% reduc t ion  i n  t h i ckness  throughout a l l  h ighly  s t r e s s e d  
su r faces  i n  the  v e s s e l ,  and a corresponding e longa t ion  of approxi- 
mately l0--14% pr imar i ly  i n  t h e  hoos d i r e c t i o n  f o r  c y l i n d e r s ,  and a 
5-7% e longa t ion  i n  each o f  two mutually perpendicular  axes for 
spheres ,  With p l a s t i c  deformation t h e  Po i s son ' s  r z t i o  used = .5, 
It  i s  necessary t o  in t roduce  an  a r b i t r a r y  cons t an t  1/D , analogous (I) 
('I NADAI, A, " P l a s t i c i t y "  McGraw ail1 - 1931 a 
** 
t o  1/E i n  Hooke's Law.. The va lue  of 1/D i s  d i r e c t l y  r e l a t e d  t o  
. t h e  p o r t i o n  of  t h e  s t r e s s - s t r a i n  curve under cons ide ra t ion .  The 
e s s e n t i a l  p l a s t i c i t y  s t r e s s - s t r a i n  r e l a t i o n  f o r  a t e n s i l e  coupon, 
p r e s s u r i z e d  sphere,  and a p re s su r i zed  c y l i n d e r  a r e  shown i n  
Table I. 
Line 1 l i s t s  t h e  p r i n c i p a l  stresses. The t e n s i l e  coupon has  
only one p r i n c i p a l  stress. For t h e  sphere,  two p r i n c i p a l  stresses 
are equal ,  and the t h i r d  i s  assumed zero because the p res su re  i s  
n e g l i g i b l e  nex t  t o  the  s t r e n g t h  or' t h e  ma te r i a l .  
In Line 2 ,  t h e  formula '€or  t he  stress i n v a r i a n t  i s  
used. This  r e l a t i o n s h i p  de f ines  the cond i t ions  f o r  a s t a t e  of 
y i e l d i n g  i n  the  m a t e r i a l  f o r  any stress s t a t e  i n  t e r m s  of a . 
stress i n v a r i a n t  *. Note t h a t  the i n v a r i a n t  stress 
t h e  t e n s i l e  stress i n  a t e n s i l e  coupon and the  meridional  or hoop 
stress i n  a sphere;  it i s  somewhat smaller  than the hoop stress 
. .  i n  the c y l i n d e r .  
Line 3 represGnts  a sirnple a l g e b r a i c  conversion from 
t o  
Line 4 d e f i n e s  D, and Line 5 def ines  *. Well e s t a b l i s h e d  
r e l a t i o n s h i p s  a r e  quoted *and used i.n Line. 6 :  here  t h e  r e l a t i o n s  of 
Line 3 have been s u b s t i t u t e d .  Now us ing  r e l a t i o n s  o f  Lines 4 and 
5 i n  Line 5 ,  one obtains Line 7 .  Sn accordance w i t h  theory,  
constancy of volurne i s  maintained by = o  * 1. 
. 
('I N A D A I ,  A .  "P la s t i c i - ty"  McGraw K i l l  - 1931 
, 
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From the  t a b l e  it should de noted t h a t  for  the  t e n s i l e  
- * and * so t h a t  t he  * r e l a t i o n  
1 coupon 
is  noth ing  more than  t h e  convent ional  t r u e - s t r e s s  t r u e - s t r a i n  diagram 
for a t e n s i l e  coupon. 
for any stress s t a t e  a r e  r e l a t e d  t o  t h e  stress and s t r a i n  in- 
v a r i a n t s ,  * dur ing  p l a s t i c  deformations,  t hen  it i s  
c l e a r  t h a t  p l a s t i c  s t r a i n s  and stresses i n  s t r u c t u r e s  such a s  
spheres  may be r e l a t e d  t o  “the u n i a x i a l  stress s t r a i n  curve.  
Since t h e  p r i n c i p a l  stresses and s t r a i n s  
A sphere may be related.  t o  a u n i a x i a l  specimen a s  
f o l l o ~ s :  
From l i n e  3 of Table A - 1 ,  E q .  (1) 
i s  t h e  sphere hoop s t ress  . 1 
i s  t h e  stress i n v a r i a n t  
m s  
i s  e q u i v a l e n t  stress i n  a u n i a x i a l  
t e n s i l e  specimen 
From l i n e  7 of Table A-1, Eq.  (2) 
_ .  where the  n o t a t i o n  i s  the same a s  ’ tha t  i n  
Equation 2 above. 
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AES 256 
SPECIFICATION FOR VACUUM HELTED LOW S I L I C O N  
CHROME-NICKEL STAINLESS STEEL SUITABLE FOR ARDEFORM 
1.0 SCOPE 
1.1 This  s p e c i f i c a t i o n  covers  s o f t  s h e e t ,  p l a t e  and s h e e t  b a r  
m a t e r i a l  intended for t h e  f a b r i c a t i o n  of fus ion  welded 
p r e s s u r e  v e s s e l s  by t h e  ARDEFORM process. 
1.2 This s p e c i f i c a t i o n  is  e f f e c t i v e  upon i s s u e  and s h a l l  be 
app l i cab le  when s p e c i f i e d  on Engineering drawings. 
1.3 This  s p e c i f i c a t i o n  i s  app l i cab le  t o  a l l  ARDE f a c i l i t i e s  and 
t o  a l l  ARDE subcont rac tors  and s u p p l i e r s .  
2 .O APPLICABLE DOCUMENTS 
ASTM S p e c i f i c a t i o n  E 1 1 2  - Estimating the Average . 
ASTM S p e c i f i c a t i o n  E 45 - Determining t h e  Inc lus ion  
Grain S i z e  of Metals 
Content of Steel  
AES 257 - Mate r i a l  Evaluat ion 
S p e c i f i c a t i o n  
3.0 REQUIREFBNTS 
3.1 The s teel  s h a l l  be made by the vacuum induct ion  melt ing process .  
3.2 The s tee l  s h a l l  be melted using h igh  p u r i t y  charging m a t e r i a l s ,  
l o w  i n  oxygen, s i l i c o n ,  phosphorous and sulphur .  0 
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3.3 The s tee l  s h a l l  conform t o  t h e  requirements  a s  t o  chemical 
composition p r e s c r i b e d  i n  Table I. * 
TABLE I . 
CHEMICAL COI'"0SITLCZN 
Carbon, per c e n t  
Manganese, per c e n t  
S i l i c o n ,  per c e n t  
C h r o m i u m ,  per c e n t  
0.025 t o  .04.5 
0.10 max. 
0.10 max. 
18.30 t o  18.70 
Nickel ,  per c e n t  7-10 t o  7.50 
Molybdenum, per c e n t  0.15 t o  0.35 
Nitrogen,  per cent*  0.02 t o  0.04 
Phosphorous and S u l f u r ,  t o t a l  1 0.015 max. 
per c e n t  
Oxygen, ??PPI** 60 max. 
Hydrogen, ppm*** 2 max. 
I r o n  Balance 
* The Nitrogen s h a l l  be determined 'by the Kje ldah l  
method . 
The Oxygen ' sha l l  be determined by vacuum f u s i o n  
g a s  a n a l y s i s  o f  a l a d l e  sample or i n g o t  d r i l l i n g s .  
. ** 
*** The Hydrogen s h a l l  be determined by vacuum fus ion  
g a s  a n a l y s i s  of a sample taken f r o m  t h e  h e a t  
a f t e r  convers ion  t o  s l a b  or s h e e t  b a r .  
3.4 A l a d l e  a n a l y s i s  of each  ne l t  o f  s t ee l  s h a l l  be made by 
t h e  manufacturer ,  a s  o u t l i n e d  i n  4.1, t o  determine the 
percentage  of the elements  s p e c i f i e d  i n -  Table I. 
. 
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The c o n d i t i o n  of t h e  shee t ,  p l a t e  and s h e e t  b a r  procurable  
under t h i s  s p e c i f i c a t i o n  s h a l l  be f u l l y  s o l u t i o n  annealed 
and p i ck led .  
h e a t  t r e a t e d  a s  t o  provide the  a u s t e n i t i c  g r a i n  s i z e  a s  
s p e c i f i e d  i n  Sec t ion  3.6. 
i n t e r g r a n u l a r  ca rb ides  when t e s t e d  i n  accordance wi th  4.3. 
Ilardness s h a l l  be RB 90 max, 
The s h e e t ,  p l a t e  and s h e e t  b a r  s h a l l  be so 
The m a t e r i a l  s h a l l  be free of 
The g r a i n  s t r u c t u r e  s h a l l  be eyuiaxed and t h e  average g r a i n  
siae of the  m a t e r i a l  s h a l l  be i n  accordance with Table T I  
b e l o w .  
the Comparison Procedure s p e c i f i e d  in' ASTM - Spec. E 112. 
The g r a i n  s i z e  s h a l l  'be determined i n  accordance wi th  
TABLE I1 
ASTM GRAIN SIZE NUMBER 
Max i m w n  
M a t e r i a l  Average Ind i v  idua 1 
Thickness,  in .  Grain S i z e  Grain Si= 
Up t o  .Q65 6 4 
,065 t o  -125 5 3 
.125 t o  .550 . 4 3 
Above "550 3 2 
The i n c l u s i o n  c o n t e n t  of t h e  product  s h a l l  be determined by 
Method A i n  ASTM E-45 and s h a l l  n o t  exceed the  requirements 
s p e c i f i e d  i n  Table 111, 
, 
_ .  
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Revision I' B" 
TABLE 1x1 - 
ASTM E-45 METHOD A 
Type A B C D 
Thin Heavy Thin Heavy Thin Heavv Thin Heaxy- 
1 0 1 0 1 0 1 - l* 
* The max. diameter of heavy g lobu la r  ox ides  s h a l l  be 
2 5  microns and t h e r e  s h a l l  be no more than  one, i n  any 
given f i e l d ,  having a diameter g r e a t e r  than-16 microns. 
~ 
3.7.1 This requirement s h a l l  be m e t  f o r  each  s h e e t  or p l a t e  thick-  
ness  purchased. 
3.7.2 The m a t e r i a l  s h a l l  be free from i n j u r i o u s  sub-surface d e f e c t s  
and i n c l u s i o n s ,  The purchaser  will s u b j e c t  one s h e e t  from each \ 
l o t  of s h e e t s  t o  u l t r a s o n i c  in spec t ion  t o  determine if l o c a l  
' l a r g e  i n c l u s i o n s  a r e  p re sen t .  U l t r a son ic  inspecti.on s h a l l  be 
conducted us ing  1/8" diameter focusing beam t ransducer .  The 
oscilloscope g a i n  shall be se t  t o  85% s a t u r a t i o n  f o r  a s tandard  
3/64" diameter f l a t  bottom hole. All i n d i c a t i o n s  above back- 
ground s h a l l  be r epor t ed .  
t hus  determined s h a l l  be no l a r g e r  than 10% of t h e  s h e e t  thick-  
The permiss ib le  s i z e  of  s i n g l e  d e f e c t s  
ness, and a maximum of ,015 whichever i s  smal le r ,  Sa id  d e f e c t s  
when confirmed by metal lqgraphic  examination s h a l l  be the  basis 
for r e j e c t i o n  of  the e n t i r e  l o t ,  
3 ,8 Both s u r f a c e s  of the  m a t e r i a l  s h a l l  be f r e e  froin s c a l e ,  s e v e n  
mechanical gouges and sc ra t ches ,  deep p i t t i n g  and d i s c o l o r a t i o n .  
The m a t e r i a l  s h a l l  have a workmanlike appearance Sheet  stock 
su r face  s h a l l  correspond to  a 2D f i n i s h .  The su r face  f i n i s $  
of p l a t e  and s h e e t  b a r  s h a l l  correspond t o  a No. 1 f i n i s h .  
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3 , 9  Samples of m a t e r i a l  otherwise purchasable under t h i s  s p e c i f i -  
c a t i o n  s h a l l  be submitted to  the  purchaser  i n  t h e  form of 
t w o  s h e e t s  of 36 x 96 x .060 t h i c k  f o r  eva lua t ion  by the  
purchaser  for f a b r i c a b i l i t y  and we ldab i l i t y .  
s h a l l  be suppl ied  from a p o r t i o n  o f  an ingo t  or a s l a b  
produced from t h e  m e l t  t o  be evaluated.  
s h a l l  be eva lua ted  i n  accordance wi th  ARDE Mate r i a l  Evaluat ion 
S p e c i f i c a t i o n  AES - 257. 
ments of t h e  ARDE Mate r i a l  Evaluat ion S p e c i f i c a t i o n ,  the 
e n t i r e  h e a t  s h a l l  be s u b j e c t  t o  r e j e c t i o n .  Samples s h a l l  
be eva lua ted  by t h e  purchaser.. 
The samples 
Mate r i a l  samples 
I f  samples do not m e e t  t he  requi re -  
3.10 P e r m i s s i b l e  v a r i a t i o n s  i n  th ickness  s h a l l  be a s  s p e c i f i e d  
i n  Table I V .  
P E ~ I S S I B L E  VARIATIONS I N  THICKNESS OF.SHEET AND PLATE 
P e w m i s  s ib le Var i a t ions  
i n  Thickness, P lus  or 
\ 
S e e c i f i e d  Thickness,  i n .  Minus, i n .  - 
0.016 t o  0.02.6 
0.027 t o  0,040 
0,041 t o  0.058 
0.059 t o  0.072 
0.073 t o  Q.083 
0.084 t o  0,098 
0,099 t o  0,114 
0.115 t o  0,130 
0.131 to  0.145 
0.146 t o  0.176 
0,177 t o  0.250 
0 -002 
0.002 
0,003 
0.003 
0.004 
0.004 
0.005 
0.005 
0.006 
0.007 . 0.010 
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On i t e m s  over  0.250, th ickness  s h a l l  be no m o r e  than  0.010 
under t h e  s p e c i f i e d  dimension and no m o r e  than 0.020 over 
t h e  s p e c i f i e d  dimension. 
less than  s p e c i f i e d  dimension and n o t  more than  10% over t h e  
Sheet  b a r  dimension s h a l l  be n o t  
specified dimension. 
3.11 Permiss ib le  v a r i a t i o n  i n  width and l e n g t h  is s p e c i f i e d  i n  
Table V. 
t h i ckness  r e g a r d l e s s  of  s i z e  may have pe rmis s ib l e  var. iations 
o f  p l u s  or minus 1/4 i n .  i n  width and i n  length ,  r e spec t ive ly .  
Sheet ,  p l a t e  and s h e e t  b a r  0.131 i n .  and over i n  
8 
, 
TABLE V 
PERMISSIBLE VARIATIONS IN WIDTH AND LENGTH 
Pe r m i  s s ib  le Var i a t ions  
i n  Wid.th. i n .  
P Ius Minus Specified Width, i n .  
U p  t o  42 . . . . . . . . .  1/8 
4 2  and over. . . . . . . .  1/4 
0 
0 
P e r m i  s s ible  Varia tioiis 
i n  Lenqth, i n .  
Minus 
P l u s  -I_
up t o  120. . . . . . . . .  1/8 
120 and over . . . . . . .  114 
4.0 QUALITY ASSURANCE PROVISIONS 
0 
0 
4.1 _I Analysis  
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4.1.1 
4.1.2 
4.1.3 
4.2 
4.2-1 
4-2.2 
I n q o t  Analysis  - The a n a l y s i s  s h a l l  be made f r o m  d r i l l i n g s  
taken n o t  less than 1/4 in .  beneath t h e  su r face  of a tes t  
i n g o t  made dur ing  t h e  pouring of t h e  m e l t .  The chemical 
composition thus  determined, except for the Hydrogen content ,  
s h a l l  be r epor t ed  t o  the  purchaser  and s h a l l  conform t o  the - 
requirements s p e c i f i e d  i n  Table I. Hydrogen c o n t e n t  s h a l l  be 
determined a s  s p e c i f i e d  i n  the  no te s  a t  t h e  bottom of 
Table I, 
- 
F i n a l  Check Analysis - Vendor s h a l l  provide check a n a l y s i s  . 
of m a t e r i a l  w i th  each  shipment. 
A check a n a l y s i s  of the  m a t e r i a l  eGaluat ion s h e e t s  w i l l  be 
made by t h e  purchaser .  
determined s h a l l  conform to  t h e  requirements s p e c i f i e d  i n  
Table I. 
The chemical composition thus  
Metal lographic  specimens s h a l l  be prepared for each s h e e t  
th ickness  suppl ied.  Sa id  specimens s h a l l  p r e s e n t  a section 
of t h e  complete th ickness  of t h e  s h e e t  or p l a t e .  More than 
one specimen may be used t o  p r e s e n t  a s e c t i o n  of t h e  complete 
th ickness  o f  s h e e t  b a r ,  
A s o l Q t i o n  f o r  e l e c t r o l y t i c  e t c h i n g  s h a l l  be prepare6  by 
adding 100 grams of reagent-grade o x a l i c  a c i d  c r y s t a l s  
(23 0 0 ,2H20) t o  900 ml of water.  2 2 4  
Etching cond i t ions ,  Pol ished specimens s h a l i  be etched a t  
one amp/ f o r  30 keconds, c m 2  
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4.2.3 Evaluat ion of e tched  s t r u c t u r e .  The etched su r face  s h a l l  be 
4.3 
5.0 
5.1 
5.2 
5.3 
examined on a m e t a l l u r g i c a l  microscope a t  250X. N o  i n t e r -  
g ranu la r  p i t t i n g  s h a l l  be observed. 
A l l  r eco rds  s h a l l  be maintained i n  the ARDE Q u a l i t y  Control  
Department . 
PREPARATION FOR DELIVERY 
Sheet, p l a t e  and s h e e t  b a r  s h a l l  be boxed i n  c o n t a i n e r s  
e u f f i c i e n t l y  r i g i d  t o  p reven t  s c ra t ch ing ,  bending, or any 
type of su r face  damage. 
app l i ed  t o  both  s i d e s  of t he  s h e e t  and p l a t e .  Paper 
p r o t e c t i o n  f o r  s h e e t  b a r  i s  n o t  requi red .  
Pressure  s e n s i t i v e  paper  s h a l l  be 
Sheet ,  p l a t e  and sheet b a r  s h a l l  have continuous marking . 
p r i n t e d  i n  t h e  d i r e c t i o n  of f i n a l  rol l ing.  
s h a l l  include grade of steel ,  h e a t  number and s u p p l i e r ' s  
name. 
The marking 
The vendor s h a l l  f u r n i s h  with each shipment, t h r e e  ( 3 )  copies  
of a r e p o r t . c o n t a i n i n g  t h e  chemical composition, room 
temperature t e n s i l e  p r o p e r t i e s ,  and hardness.  This r e p o r t  
shall include the Purchase Order Number, Heat Nurrher, 
M a t e r i a l  S p e c i f i c a t i o n  Number ,  S i z e  and Q u a n t i t y  of the 
shipment. 
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. .  1.0 SCOPE 
1.1 This  s p e c i f i c a t i o n  e s t a b l i s h e s  methods a n d - c l a s s e s  of 
t e s t i n g  s e n s i t i v i t i e s  f o r  l eak  d e t e c t i o n  by passage 
of "Tracer" f l u i d  from one s i d e  of a presumed l eak  t o  
the o t h e r ,  and the subsequent d e t e c t i o n  of  t h e  f l u i d  
on t h e  l a t t e r  s i d e .  
T h i s  s p e c i f i c a t i o n  is  e f f e c t i v e  upon i s s u e  and s h a l l  
be a p p l i c a b l e  when s p e c i f i e d  on engineer ing drawings. 
1.2 
- 2.0 c__ D E F I N I T I O N S  
2 . 1  Standard o r  Ca l ib ra t ed  Leak - A se l f - con ta ined  t r a c e r  
gas  supp3.y of a t  l e a s t  90 pe'r c e n t  p u r i t y  a t  atmospheric 
p re s su re  con ta in ing  a porous g l a s s  o r  q u a r t z  element 
which a l l o w s  d i f f u s i o n  of t h e  t r a c e r  gas  a t  a known 
rate .  
2 .. 2 
2.3 
Smal les t  Leak Detec tab le  - The value of t h e  s t enda rd  
l e a k  in atmospheric cc/sec d iv ided  by t h e  l eak  d e t e c t o r  
scale reading.  
Inpu t  S e n s i t i v i t v  - Smallest  l eak  detecta3le wi th  s t anda rd  
l e a k  a t t a c h e d  t o  t h e  l eak  d e t e c t o r  w i th  vacuum hose 
t h r e e  inches i n  l eng th ,  
2.4 Test inq  S e n s i t i v i t v  ' -  S m a l l e s t  l eak  d e t e c t a b l e  wi th  
s t anda rd  l e a k  a t t ached  t o  t h e  system under t e s t  a t  t h e  
most remote a c c e s s i b l e  l o c a t i o n  from t h e  Leak Detector ,  
u n l e s s  o therwise  s p e c i f i e d  by .ARDE. This  t e s t i n g  sen- 
s i t i v i t y  s h a l l  be quoted i n  s t anda rd  cc/second. 
Tracer G a s  - Type of  gas  t h a t  can be  d e t e c t e d  by the 
Mass Spectrometer i n  use.  
2 . 5 .  
. 
3.0 MATERIALS 
3.1 H e  1 ium 90% p u r i t y  (minimum) 
AES 454 
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' 3.2 
3 . 3  
3.4 
4.0 
4.1 
5.0 
5.1 
d 
5.2 
5.3 
5.4 
Argon 
Neon 
Polyethylene bags 
EQUIPMENT 
Plass Spectrometer 
90% p u r i t y  (minimum 
90% p u r i t y  (minimum) 
REQUIREMENTS 
The tracer gas  t o  be used f o r  a l l  t e s t i n g  w i t h i n  t h e  
or neon of a t  l e a s t  90 p e r c e i t  purity. '  
. scope of t h i s  s p e c i f i c a t i o n  s h a l l  be helium, argon 
Tes t ing  s e n s i t i v i t y  will b e  measured b e f o r e  and iriune,- 
d i a t e l y  a f t e r  t e s t  and logged on t h e  q u a l i t y  c o n t r o l  
r e p o r t .  I f  t h e  t e s t  du ra t ion  i s  g r e a t e r  then  one hour,  . 
t h e  t e s t  s e n s i t i v i t y  shall be recheck,ed and logged h t  
least  every hour during t h e  t es t .  . 
The t e s t  d u r a t i o n  s h a l l  be twice t h e  t i m e  required.  
t o  d e t e c t  t h e  t e s t i n g  s e n s i t i v i t y  o r  f i v e  minutes,  which- 
ever i s  g r e a t e r .  
Leak t i g h t n e s s  requirements s h a l l  be de f ined  as be ing  
Class AA, C l a s s  A ,  or Class B, A t e s t  itern s h a l l  b e  
cons idered  accep tab le  i f  no l eak  is d e t e c t a b l e  wi th  a 
Mass Spec t rone ter  having t h e  t e s t i n g  s e n s i t i v i t y  l i s t e d  
in Table I. 
TABLE I 
FOR THE THREE CLASSES OF LEAK TIGHTNESS 
TEST I NG S ENS IT IVI '7 I E S (ATXG S PHE ?-IC C C/S E C ) 
Tracer  Gas Used 
He 1 ium 
Neon 
Argon 
C h s s  AA C l a s s  A -- C l a s s  E 
1 x 10-9 5 x 10-8 1 x 10-6 
5 x 2 x 5 x 
1.5 x 10-8 3 x 10-7 -10 3 x 3.0 
AES 454 
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5.6 
6.0 
6.1 
6.2 
6.2.1 
6.2.2 
6.2.3 . 
6.2-4 
6 . 3  
6.3.1 
Where two c l a s s e s  of  l eak  are c a l l e d  o u t  on t h e  same 
assembly, the areas wi th  t h e  most s t r i n g e n t  requirements  
sha l l  be t e s t e d  independently.  
Before t e s t i n g ,  t h e  t e s t  i t e m  s h a l l  be c leaned  f r e e  
of any f o r e i g n  materials such as g rease ,  p a i n t ,  ch ips ,  
etc. ,  which might t end  t o  mask leakage. 
PROCEDURE 
Unless o therwise  au tho r i zed  by  t h e  ARDZ Q u a l i t y  Assur- 
ance Dapartment, t h e  fol lowing leak t e s t i n g  procedures 
s h a l l  be used, Vendors having d i f f e r e n t  s t anda rd  l e a k  . 
t e s t i n g  proceaures  a r e  i n v i t e d  t o  submit them f o r  ap- 
proval .  , 
Method I - Vacuum Tes t ing  Technique, 
Before t e s t i n g ,  t h e  system under t es t  s h a l l  be complete- 
l y  enclosed i n  a polyethylen2 bag and t h e  bag s h a l l  he 
f u l l y  i n f l a t e d  wi th  t h e  t r a c e r  gas. For l a r g e  system, 
p o r t i o n s  of  t h e  system may be checked sepa ra t e ly :  I n  
t h i s  case, each p o r t i o n  of system so checked s h a l l  be 
cons idered  a s e p a r a t e  t e s t ,  and t h e  t es t  sequence s h a l l  
be i n d i c a t e d  oil a worked p r i n t  showing l o c a t i o n  checked, 
The system under t e s t  s h a l l  b e  evacuated, 
I n l e t  va lves  t o  -the l eak  d e t e c t o r  s h a l l  be f u l l y  opelzed 
dur ing  t e s t ,  
All a u x i l i a r y  pumping systems must be s h u t  off  b e f o r e  
test. 
Method I S  P res su re  Tes t ing  
Before t e s t i n g ,  t h e  system under t e s t  s h a l l  be COM- 
p l e t e l y  enclosed i n  a polyethylene bag. The t r a c e r  
gas is  introduced w i t h i n  t h e  t e s t  o b j e c t  under p re s su re  
g r e a t e r  than  atmosphere. A " s n i f f e r "  probe is  con- 
nec ted  t o  the l eak  d e t e c t o r  us ing  a f l e x i b l e  hose. 
The s n i f f e r  i s  s e a l e d  wi th in  t h e  polyethylene bag. I f  
a Leak e x i s t s ,  t h e  sut€flowing tracer gas en ters  t h e  
system v i a  the s n i f f e r ,  
'. 
AES 459 
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6.3.2 
6.3.3 
6.4 
6.4.1 
6.4.2 
.6.4.3 
7 . 0  
7 . 1  
I n l e t  va lves  t o  t h e  l eak  d e t e c t o r  s h a l l  be f u l l y  opeaed 
du r ing  t e s t .  
A l l  a u x i l i a r y  pumping systems must be s h u t  o f f  b e f o r e  
test. 
Method 111 Pressu re  Vacuum Tes t ing  
Before t e s t i n g ,  t h e  u n i t  under t e s t  s h a l l  be p laced  
i n s i d e  a vacuum chamber which i s  connected t o  t h e  l eak  
d e t e c t o r .  Tracer gas  i s  introduced t o  t h e  u n i t  by 
an i n t e r n a l  p re s su re  g r e a t e r  than  atmosphere. I f  a 
l e a k  e x i s t s ,  t r a c e r  gas w i l l  flow o u t  of t h e  u n i t  under 
t e s t  i n t o  t h e  vacuum chamber, and then  i n t o  t h e  sys ten .  
I n l e t  va lves  t o  t h e  l eak  d e t e c t o r  s h a l l  be f u l l y  opened 
dur ing  tes t .  
A l l  a u x i l i a r y  pumping s y s t e m  must be s h u t  o f f  be fo re  
tes t .  
REPORTS 
A c e r t i f i e d -  q u a l i t y  c o n t r o l  r e p o r t  s h a l l  b e  made o u t  
by the vendor o r  ARDE 3.D.T. Department and s u b n i t t e d  
t o  APBE Gua l i ty  Assurance Department. This  r e p o r t  
s h a l l  c o n t a i n  t h e  fol lowing information:  
- 
Symbol o r  name of vendor. 
Symbol or-name of t h e  l a b o r a t o r y  performing t h e  
t e s t i n g .  
P a r t  number. 
Purchase o rde r  number. 
Date of t e s t .  
Marked b l u e p r i n t  o r  ske tch  showing l o c a t i o n  of 
s t anda rd  l eak  and l eak  d e t e c t o r  i n  r e l a t i o n  t o  
t e s t  i t e m  . . 
Tes t ing  s e n s i t i v i t i e s  as  def ined  i n  4.2.5 l i s t e d  
i n  chronologica l  order .  
AES 454 
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* 8.0 REJECTIONS 
8.1 Delivered items riot meeting the requirements of t h i s  
spec i f ica t ion  for the  c l a s s  specif ied s h a l l  be subject 
t o  re jec t ion .  
e 
. .  
APPENDIX E 
OGDEN LAB TEST REPORT 
8 
Subsidiary G: GGDZX C O Z ? G ~ A T I G N  
. -  
t i  . a 
: ‘f 
. .  . .  . .  
. .  
.. c . .  
! 
I 
WOODSIDE DIVISION ! 
Subsidiary of OGDEN CORPORATION 
5 8 - 1 7  3 7 t h  A V E . .  W O O D S I D E ,  N E W  Y O R K  1 1 3 7 7  T E L :  2 1 2 - 4 7 8 - 2 0 1 0  1 
T W X :  5 1 0 - 2  2 7 - 7  0 6 2 
* - ! 
I .  
+ 
: 
! 2 January 1968 f 
I 
. .  i 
t 
Arde, Inc .  
580 Win te r s  Avenue 
Paramus, N e w  J e r s e y  07652 -. 
i R e f e r e n c e :  'Your Purchase  'Order  Number: 10550 f 
t Numhers 6 , 7 ,  8 and 9 i 
. I  
i 
- .  i 
1' 
. .  - 
! 
Ogden Job Number: h'-S836.-& 
T e s t  U n i t s :  E 3 5 9 0 A  V e s s e l  A s s e m b l i e s ,  S e r i a l  
Government C o n t r a c t  Number: NAS 8-20713 i 
IiEi-*O!iT OF TZST 
b 
0 
-> . 
TEST PR0CEi;URE 
A cycle c o n s i s t i ? g  of 0 t o  2 , 1 0 0  p s i g ,  an6 r e t u r n  t o  $, p s i g .  
Durinq t h e  second c y c l e  a t  2 , 1 0 0  p s i q ,  t h e  e x t e r n a l  l e z k a g e  was 
measured a f t e r  two ( 2 )  -minute pe r iod .  
t 
I . . !  
. 
'Each v e s s e l ,  i n  t u r n ,  was sub jec t ed  t o  two ( 2 )  p r e s s e r e  c y c l e s .  
- i .  
TEST RESULTS - t c . - .  
The u n i t s  d i s p l a y e d  no a p p a r e n t  evide;?ce of dzmage as ~i r e s u l t  i 
_ .  1
of this test .  \ t 
L e a k a q e - T e s t  S e r i a l  Numbers =&/second 
- 7 
7 
7 
7 
1.72 x lo-' 
3-60 x 10- 
4 
7 
8 2.40 x , lo-  
9 -  1-30 x 10- 
- .  
. .  6 L i m i t :  1 x 10- maxrmurn \ 
f o r  : OGDZN TECHKOLOGY L:~ORATORIES , INC. 
WOODS I DE D 9 Vi S I ON 
. .I 
f 
.. 
Floyd flen-ii.ler 
Q u a l i t y  A ssurance €,Tanager 
FORMERLY:  
APPENDIX F , 
N3CHANICAL PROPERTIES - REAT 50793 
a 
APPENDIX F 
, M X H A N I C A L  PROPERTIES - HEAT 50793 
The mechanical p r o p e r t y  da t a  for Heat 50793 is contained 
h e r e i n  r a t h e r  t han  i n  Sec t ion  I V  of  t he  report a s  t h e  report was 
e s s e n t i a l l y  completed a t  the  t i m e  t h e  d e c i s i o n  was rendered t o  
. f a b r i c a t e  two (2) a d d i t i o n a l  v e s s e l s  u t i l i z i n g  t h i s  h e a t  of 
m a t e r i a l .  
A ,  Experimental  Data 
Inasmuch a s  th2 m a t e r i a l  ach ieves  i t s  s t r e n g t h  through 
deformation a t  -520°F, specimew must f i r s t  be p r e s t r a i n e d  a t  
t h i s  teinperature.  The u s u a l  procedure i s  t o  f i r s t  o b t a i n  a t r u e  
stress vs.’ t r u e  s t r a i n  curve a t  -320OF f o r  t h e  m a t e r i a l  i n  the 
annealed cond i t ion ,  This e s t a b l i s h e s  t h e  maximum amount of c o l d  
w o r k  which can be a p p l i e d  t o  the  specimen i n  u n i a x i a l  t ens ion .  
Such a e m v e  marked i s  shown for h e a t  50793 i n  Figure P-1, 
The nominal stresses v s ,  engineer ing  s t r s i n  for t h i s  same h e a t  
a t  -320OF i s  p l o t t e d  i n  Figure F-2, 
’. 
The m a t e r i a l  may be pre- 
s t r a i n e d  any amount up to t h e  maximum shown i n  F igure  F-2 and 
t e n s i l e  p r o p r t i e s  which r e s u l t  w i l l ,  of course ,  depend on the 
amount of p r e s t r a i n ,  The e f f e c t  of vary ing  the  prestress -320OF 
and subsequent ly  aging t h e  p r e s t r e s s e d  s p e c h e n s  a t  800°F i s  
s h o ~ m  i n  Figwes F-3, F-4 and F-5, . . 
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Figure IV-3 shows the  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h  
of c ryogenica l ly  stretched and aged specimens f r o m  h e a t  50793 a t  
room temperature.  F igures  IV-4 and IV-5 show these  p r o p e r t i e s  
a t  -320F and -423F, r e s p e c t i v e l y ,  The y i e l d  s t r e n g t h  a t  2320F 
and a t  r o o m  temperature i s  a l s o  p l o t t e d  i n  Figure F-1 . o n  t h e  same 
coord ina tes  a s  t he  -320F t r u e  stress vs .  t r u e  s t r a i n  curve f o r  
annealed m a t e r i a l  f r o m  h e a t  50793. The curve,  marked S i n  
Figure B-1 r e p r e s e n t s  t h e  room temperature y i e l d  s t r e n g t h  
1A 
. f o r  t he  p r e s t r a i n e d  m a t e r i a l  while t h a t  marked (S ) -320F r ep resen t s  LA 
t h e  -320F y i e l d  s t r e n g t h  f o r  p r e s t r a i n e d  m a t e r i a l .  The increase  
i n  s t reng3h due t o  aging a t  800F for 20 hours may be seen by comparing 
the da ta  f o r  aged m a t e r i a l  shown i n  FiguFes F-3 
s i m i l a r  curves  far  unaged specimens shown i n  Figures  F-6 
and F-4 with 
and' F-70 
Severa l  prestressed and aged specimens from h e a t  50793 
w e r e  su r f ace  cracked and t e s t e d  a t  room t enpe ra tu re  and -3203'- 
I n  many cases  g e n e r a l  y i e l d i n g  occurred be fo re  f a i l u r e  and, of  
course,  a K va lue  is  n o t  v a l i d  under these  cond i t ions ,  Therefore,  
a nominal IC. was c a l c u l a t e d  f o r  each specimen by us ing  the i n i t i a l  
crack dimensions and t h e  f a i l u r e  load. The sheet specimen th ickness  
was only ,060. This t y p e ' o f  specimen is used a t  Ard.e p r i m a r i l y  
f o r  screening purposes. The nominal K values  c a l c u l a t e d  f o r  each 
specimen was p l o t t e d  i n  Figure F-8 
I C  . 
I C  
I C  
a s  a func t ion  of cryogenic 
prestress. 
Addi t iona l  p r o p e r t i e s  of o t h e r  h e a t s  of l a w  s i l i c o n  
s t a i n l e s s  s tee l  a r e  a l s o  shown i n  t h i s  s e c t i o n .  Figure F-9 s h o w s  
the y i e l d  s t r e n g t h  of 5 h e a t s  of low s i l i c o n  s t a i n l e s s  s tee l  a s  
a func t ion  of t es t  temperature,  The data  poin-ts a t  room temperature 
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